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Abstract
The use of the expansion of electrochemical cells, upon ion intercalation, for the de-
velopment of a morphing helicopter blade is explored. Using commercially available
lithium-ion batteries as demostrators of the technology, two actuator prototypes suit-
able for the application are developed. The first prototype consists of a weave of
fibers enclosing an array of cells in such a way that the thru-thickness expansion of
the cells is transformed into an in-plane contraction. A mathematical model of the
actuator is developed and used for the prototype design, which is then implemented
using three cells and steel wires. Tests performed on the prototype show that, after
accounting for viscoelastic phenomena, the prototype free strain agrees well with the
model predictions.
A Blade Element Momentum Theory model of the helicopter rotor, used for the
design of the second actuator prototype, is described. The model is used for evaluating
a morphing scheme in which the blade deforms its trailing edge by different amounts
along the span. Under this scheme, a suitable blade twist in terms of forward flight
performance can be selected, and the trailing edge deflection is then used to improve
the performance in hover. Applying the model to a Bell 427 helicopter, it is found
that, starting with a blade with 40 less twist than the baseline blade and an expanding
cell with an energy per mass of 78 J/kg, it is possible to generate enough flap deflection
to improve hovering performance by about 1%, with an actuator that increases the
blade mass by less than 10%.
The design of a blade actuator based on this trailing edge deflection scheme is then
described. It consists of a pair of stacks enclosed inside the blade spar, transfering
their motion to the flap via two pushrods and a set of steel flexures. A lumped-
parameter model is used for the design and optimization of the actuator, and it is
later validated using a finite element software package. Results from the tests on
a short scaled section of the morphing blade are presented and compared with the
theoretical model.
Thesis Supervisor: Steven Ray Hall, ScD
Title: Professor of Aeronautics and Astronautics
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Chapter 1
Introduction
Morphing structures constitute an attractive, nature-inspired concept that holds
promise for resolving important tradeoffs in aircraft design. A smart morphing wing,
capable of attaining the most favorable shape for the current flight conditions, while
generating flight control motion and eliminating flutter and vibration, embodies the
goal and inspiration for much of the work done in this area. Smart helicopter blades,
in particular, have received a lot of attention (see, for example, [11), due to their
potential for reducing hub vibrations, which lead to poor performance, pilot fatigue,
machine wear, and noise. However, despite promising results obtained from simula-
tions and scaled models [2, 31, the implementation of a smart morphing blade on a
production helicopter has yet to be seen.
The difficulty in developing a morphing helicopter blade is in part due to the
highly constrained helicopter rotor environment, which makes it difficult to use con-
ventional means of actuation, such as hydraulics or electric motors. For this reason,
active materials - thanks to their compact size and solid-state actuation - arise
as the actuator of choice for the application, motivating the use of materials such
as piezoelectrics (PE), magnetostrictive materials (MS), and shape memory alloys
(SMA), for the implementation of both discrete and blade-distributed prototype ac-
tuators [4]. However, the energy densities and small displacements achievable with
state-of-the-art active materials have proven to be limiting factors for the develop-
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ment of a morphing blade that is capable of generating the required deflections, while
not violating mass and other constraints.
It is in this context that electrochemical actuators arise as an attractive solution
for the helicopter blade application: they offer large forces and displacements under
low activation voltages, and energy densities up to 100 times higher than current
piezoelectrics. These properties translate into a bigger design space in terms of the
actuator constraints, increasing the chances of finding a feasible and practical blade
actuator.
In this introductory chapter we will discuss some of the benefits and challenges of
using electrochemical cells as active materials, comparing this technology with other
materials currently available. We also introduce the electrochemical smart blade
concept proposed in this thesis, showing some of its advantages and discussing how
it differs from other approaches taken in the past.
1.1 The Promises and Challenges of
Electrochemical Actuators
What is generally seen as a negative side effect in the battery manufacturing industry,
the expansion of electrodes upon ion intercalation, is the main property that electro-
chemical actuators seek to exploit. Some of the earliest attempts to take advantage
of this effect have included micropositioners based on silver electrodes [5], carbon-
electrode cell actuators [6], vanadium oxide nanofibers and sulfate-ion intercalation
in graphite (as cited in [71). In addition, the gas pressure buildup produced by elec-
trolysis has also been used for actuation [8], although this constitutes a different
actuation concept.
Recently, tests performed by Yukinori et al. on specially made lithium-ion cells
subjected to considerable stresses, demonstrated the potential energy densities that
these compounds may achieve, as well as the large, reversible strains generated under
voltages below 5 V [7]. Their findings have been based mainly on compounds con-
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taining LiCoO 2 for Li-extraction and graphite for Li-insertion, which are attractive
because both electrodes expand during the electrochemical reaction and, being used in
current commercial batteries, they could be produced by conventional manufacturing
practices.
1.1.1 Linear Active Materials Modeling
Before discussing in more detail the properties of these novel actuating cells, we
will briefly review the modeling of a general active material, where the actuating
force is generated by constraining the material linear-elastic expansion. Consider a
block of an expansive element of modulus Ee, supported from its bottom surface and
free at the top, as shown in Fig. 1-la. Upon activation, the material experiences a
free strain ef, which produces a displacement of qf on its top surface, as shown in
Fig. 1-1b. Since no external load was initially applied to the block, no useful work
is obtained from this expansion. If we now compress the activated material to its
original dimensions, a stress equal to EeEf is generated, assuming a linear elastic
behavior. By the principle of linear superposition, this corresponds exactly to the
case shown in Fig. 1-1c, where the material was clamped from both surfaces before
the activation, although in this case the elastic energy stored in the material comes
from the activation process, rather than from the external compressing-agent. The
compressive load developed is called the blocked load Qb, and it constitutes the limit
load that the active material is capable of actuating. For any load between 0 and
the blocked load, different amounts of useful energy will be obtained from the active
material. In the case where a spring load with the same stiffness as the material is
applied (Fig. 1-1d), the amount of energy transfered to the load reaches its maximum
and the displacement equals one half of the free displacement qf.
The above discussion has considered only uniaxial induced normal-strains, but
this could of course be extended to other axes and to shear strains. From the above
discussion, we see that the uniaxial linear model of the active material can be written
19
qf
1,-z;771111777 7717.177-77777 /777/7
(a) (b)
Qb
qf
/-/-7r77
(d)(c)
Figure 1-1: Illustrative example of an active material under different boundary con-
ditions: a) prior to activation; b) activated under no load; c) activated while clamped
at both ends; and d) activated under a stiffness-matched load.
as
= + M0,
Ee
(1.1)
where # denotes the activation state of the material and M is the strain coupling
factor.
Figure 1-2 describes graphically the linear actuator model, by means of a load
versus displacement plot. The solid lines represent the actuator characteristic curves,
which extend outwards for different activation states, and relate the actuator load
to the output displacement. The outermost black line constitutes the characteristic
curve for the state of full activation, which joins the points (qf, 0) and (0, Qb). The
grayed area below this line corresponds to the total available mechanical energy, given
1
W = -IQbqf2 (1.2)
If we divide the above expression by the volume of the active element V, we
obtain the energy density of the material w, which is independent of its geometry and
constitutes a useful metric for comparing different active material technologies. We
can thus write
W = IbEf = Ee . (1.3)
20
by
Load 4
' impedance-matched load
available energy
actuator characteristic
qf qf Displacement
2
Figure 1-2: Characteristic curves of a general active element (or actuator) for different
activation states and loads.
Figure 1-2 also shows a series of dotted lines representing loads of varying stiffness.
As mentioned above, we see in the figure that not all of the material mechanical
energy will be available at the output. For the case of the impedance-matched load,
the maximum possible amount of energy is extracted, corresponding to one fourth of
W and an output displacement of qf/2.
1.1.2 Theoretical Considerations of Electrochemical Actuators
A great variety of transducing effects in different materials can be exploited to gen-
erate mechanical work. One useful comparison is that of electrochemical cells with
piezolectrics, as both are driven by electric energy and the latter have been the ma-
terial of choice for many smart blade concepts. Piezoelectrics are activated by an
electrical field, which orients polarized domains in the material to generate strain.
The process is inherently fast, with maximum frequencies on the order of 10' Hz [9],
but requires thousands of volts for activation. On the other hand, an electrochemical
cell experiences expansion due to the intercalation of ions on the atomic structure of
its electrodes. This process is much slower, as it is limited by the diffusion of the ions
across the cell. However, the activation voltages are small since, as explained below,
the external loads have little effect on the cell equilibrium voltage.
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Chin et al. [101 show by simple thermodynamic arguments that the maximum
mechanical energy that could be generated from a typical electrochemical actuator
constitutes only a small fraction of the total electrical energy in the cell. Considering
a graphite electrode, a limit for the mechanical energy obtainable is given by the
failure load of the material. Assuming a state of compression, with a failure load of
2.5 GPa and a Young's modulus of 35 GPa (c-axis direction), the theoretical maximum
mechanical energy per unit volume can be found from Equation 1.3. Using the molar
volume of graphite, we can express this energy in eV per ion of Li present in the
lithiated graphite, giving a value close to 0.0065 eV/ion. This energy is much smaller
than the electrochemical energy of a typical lithium cell, which corresponds to about
3 eV/ion, explaining why the mechanical loads have such a small influence on the
cell voltage. Although this analysis implies that electrochemical cells constitute poor
sensors, it shows an advantageous property of these cells for actuating applications,
since it means that high stresses can be generated with small voltages (below 5 V,
for Li-ion cells). Moreover, once the cell is charged, the loads can be held without
the need to maintain the activation voltage, as is the case of field-induced materials,
providing an ati-active set-and-forget characteristic.
1.1.3 First-generation Electrochemical Actuators
The first of the specifically designed actuating cells described in [71 consisted of an ar-
ray of micromachined posts of highly-oriented pyrolitic graphite (HOPG), surrounded
by a source of Li ions and filled with a standard liquid electrolyte. Figure 1-3 shows
a schematic diagram of the cell and a picture of the load-bearing graphite posts.
The main idea of the actuator was to take advantage of the anisotropic structure of
this highly pure form of graphite, in order to obtain the biggest strains along the
actuation axis. The actuation times of the device were slow, as substantial lithiation
took around 24 h and 4.5 h, under constant-voltage and constant-current charging,
respectively. (This slow response was caused by the small diffusion coefficient of the
material along the c-axis direction, and it is likely that further optimization of the
posts geometry could improve the diffusion rates.) Nevertheless, with a conservative
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200 pm
Substrate
Insulator
Actuator with laser- . I
machined posts 700 pm
Figure 1-3: Schematic of micromachined cell with highly oriented pyrolitic graphite
(HOPG) and picture of load-bearing posts (reproduced from [7])
blocked stress estimate of 200 MPa, and a free strain of 6.7%, a substantial actuation
energy density of 6700 kJ/m 3 was demonstrated which, in terms of specific energy,
corresponds to 3101 J/kg.
A second device, of macroscopic dimensions, was manufactured using LiCoO 2
and graphite to make high-density electrodes in single and multi-layer configurations.
(See Fig. 1-4.) As mentioned earlier, both electrodes experience an expansion upon
electrochemical charging of the cell, and the theoretical volumetric change for these
compounds is 6.9%. The measured linear strain on this device at 86% of cell capacity
was 4.1%, which is almost two times the expected theoretical linear strain. This
difference was attributed to the anisotropy of graphite and the constraining of in-plane
deformation of the electrodes. Combining this result with the measured blocked-stress
of 20 MPa, the device showed an energy density of 410 kJ/m 3 (164 J/kg) and each
cycle took around 6.5 h at 87% capacity.
Chin et al. [10] also reported tests performed on typical commercial Li-ion bat-
teries, showing the surprising result that they are capable of generating considerable
mechanical work, despite their problematic viscoelastic behavior. Since these cells
were readily available to us, we used solely commercial lithium cells as the active
elements in the actuator prototypes described in this thesis, and for this reason we
delay the description of the cells properties to the next chapter.
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Figure 1-4: Laminated actuators made of LiCoO 2 and graphite electrodes, in a design
similar to current commercial batteries (from [7]).
To summarize, Figure 1-5 (based on [111), compares the properties of electrochemi-
cal actuators with other existing actuator technologies. We can see that electrochem-
ical actuators occupy a region of large strains and stresses, with energy densities
comparable to those of SMA, and orders of magnitude higher than piezoelectrics.
Further desirable properties, already mentioned, are the small activation voltages re-
quired and their set-and-forget characteristic. On the other hand, when compared
in terms of bandwidth, it is clear that electrochemical cells are relatively slow actua-
tion devices (current maximum frequencies achievable are on the order of 10-3 Hz).
These properties make them ideal candidates for quasi-static applications, where large
stresses and displacements are required.
1.2 Motivation for an Electrochemical Smart Blade
Having discussed some of the properties of electrochemical actuators, we now turn to
describing how they may be used for developing a morphing helicopter blade. Many
aspects of helicopter design involve a tradeoff in performance between the hover and
forward flight conditions [12]. For example, considering the amount of blade built-
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Figure 1-5: Comparison of first-generation electrochemical actuators with other active
material technologies (based on [11]).
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in twist, it is well known that high-twist blades have better flight performance in
hover than moderately twisted blades. By increasing the blade pitch at sections
closer to the hub, where the tangential speed is lower, a more uniform inflow is
obtained, which reduces the induced hovering power. However, during forward flight
the axisymmetry of the rotor environment is lost, and the hover-optimized blade
behaves poorly. Indeed, if the blade has a high amount of built-in twist, the advancing
tip will be at high negative angles of attack, affecting its performance and increases
the vibratory loads. This conclusion was verified experimentally by a study performed
on a model helicopter by Keys et al. [13], where the performance of blades with 11.50
and 17.30 of twist were compared during both flight conditions. Figure 1-6(left) shows
that, for the particular rotors studied, the high-twist blade had a 2.4% increase in
efficiency, while in forward flight it required more power (Figure 1-6, right).
2.4 % increase
(0.0 18 increase in FM)
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1.00 / 4CYTg =0.08
S 1.20.95 1. -
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Figure 1-6: Comparison of performance in hover and forward flight for blades with
11.50 and 17.30 of twist. Note: the advance ratio is defined as the forward velocity
over the blade tip velocity. Refer to Chapter 3 for a definition of the other terms.
(Reproduced from [131.)
In Figure 1-7, a comparison of the vibratory loads for the studied blades is shown,
where it is seen that adding too much twist to a rotorblade may result in a significant
increase in hub vibratory loads.
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Figure 1-7: Increase in Vibratory loads (4/rev) for the 17.3 -twist blade, with respect
to the 11.5 -twist. (Reproduced from [13].)
This difference in performance between hover and forward flight makes rotor de-
signers opt for amounts of twist that have good performance in both regimes, usually
in the range of 8 to 15 degrees [14]. On the other hand, a smart blade could extend
the bounds of this constrained design space, shown in Figure 1-8, in a number of
ways, depending on the type of blade actuation employed. With the electrochemical
morphing blade proposed in this thesis, vibration cannot be suppresed actively by
generating higher harmonic control loads, due to the limited bandwith of the active
material. However, it can be controlled passively by reducing the baseline blade built-
in twist. The experimental results described above suggest that it is possible to select
an optimal amount of twist in terms of forward-flight efficiency and vibratory loads.
Then, to make up for the reduction in hover performance of this low-twist blade, the
electrochemical actuator can be used to modify the blade shape upon entering the
hovering flight regime. This scheme could be succesful for actuating speeds of the
order of 5 to 10 s, which seems plausible to achieve with electrochemical actuators.
In this way, a quasi-static design which has the performance of a low-twist blade in
forward-flight and that of a high-twist blade in hover, would translate into an increase
in payload and a reduction in vibration and noise levels (Figure 1-9).
27
25
20
15
] 10
.1 5
0
Vibratory Loads
Upper Bound
AAMA A~ A
Hover Constrained
Lower Bound
I I I I
r~
0.1 0.2 0.3
Advance Ratio
0.4 0.5
Figure 1-8: Typical design space for blade built-in twist (based on [141).
In terms of the shape change required upon the transition from forward flight to
hover, the obvious choice of directly inducing blade twist could in fact prove difficult
to achieve in practice. The reason for this difficulty lies in the fact that blades are
usually constructed with a high torsional stiffness, which means that the actuator
would probably require too much energy to generate the desired motion, and at the
same time material failure limits could be reached. While some active blade designs
have employed a torsionally compliant construction, this approach is not viable for
a passive blade, since in this case we cannot compensate for the lack of rigidity by
means of active control. For this reason, a deformation of just the trailing edge portion
FORWARD FLIGHT
Low-twist blade improves
vibrational performance
HOVER
Morphed blade improves
baseline Figure of Merit
TRAILING EDGE
DEFLECTION
(-5-10 sec)
Figure 1-9: Electrochemical morphing-blade concept description.
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of the blade was deemed more feasible for our electrochemical morphing blade. By
varying the amount of trailing edge deformation along the span of the blade, it is
possible to redistribute the inflow so as to achieve the same effect as a change in
twist. The desirable way to generate this trailing-edge deformation would be through
a continuously morphing structure, in order to avoid the drag penalties associated
with discrete, hinged surfaces. However, for simplicity, in our prototype the shape
change consisted simply of a varying discrete flap deflection along the blade span.
A section of the proposed electrochemical morphing blade is shown in Figure 1-10.
It consists of two stacks of electrochemical cells placed inside the blade spar, connected
via two pushrods to the trailing-edge flap, which is able to deflect by means of a set
of flexures. We notice from the figure two important features of the design, which we
will address in detail later. First, the stacks are arranged in an antagonistic fashion.
This configuration facilitates the preloading of the cells and allows for an attractive
scheme of activation, in which the charge from the contracting cell is transferred to
the expanding cell to generate motion, reducing considerably the amount of energy
that must be inputed to the system. Secondly, the load path goes from the stacks -
which react on the spar - through the pushrods, to the flap and then back to the
spar via the reaction ribs located at each side of the blade section. The presence of the
spar in the load path means that this structural and aerodynamic component of the
blade also constitutes a main component of the actuator, as it houses the stacks and
reacts their loads. This concept has important consequences in the design philosophy,
as we will see in Chapter 4.
1.3 Thesis Scope and Organization
The complete design of a morphing helicopter blade is an ambitious task, involving
multidisciplinary studies, complex models, and numerous experiments. Many sim-
plifying assumptions have been made along the way and important questions will
remain unanswered. In addition, as mentioned before, commercial batteries were
used for actuating the designs. The less than optimal properties of these batteries for
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Figure 1-10: Section of the morphing blade actuator proposed in this thesis.
the application forced us to make design decisions that would clearly be intolerable
in a real implementation. However, this thesis represents a first step towards the goal
of developing an electrochemical morphing blade. Its main objective has consisted on
gaining experience with this novel active material concept, and analyzing its potential
for the smart blade application. The results presented here should motivate and help
in the development of optimized electrochemical cells, as well as in the design of the
actuators driven by them.
The organization of this thesis is as follows: Chapter 1 has presented some back-
ground regarding the properties of electrochemical cells as mechanical actuators, and
their intended use for improving helicopter performance via a morphing blade concept.
In Chapter 2 we will show some of the results from tests performed on commercial
batteries, and we will discuss in detail the design, construction and testing of our first
electrochemical actuator, the woven actuator. Chapter 3 focuses on the morphing
blade concept. In this chapter, we explain the helicopter aerodynamic model used
to estimate the flap deflection required for achieving a set of performance goals (the
computer code used to implement the model is included in Appendix A). Based on
these goals, in Chapter 4 we will describe the design and modeling of our blade actu-
ator, as well as the test results from a short, scaled prototype of the device (details on
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the actual construction are found in Appendix B). Finally, Chapter 5 will summarize
the main results, presenting conclusions and suggestions for further development of
this concept.
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Chapter 2
Design of a Woven Actuator Concept
using Lithium-Ion Cells
The custom-built electrochemical cells described in the previous chapter are presently
at an early developmental stage, which makes them difficult to use to build an ac-
tuator prototype. On the other hand, even current off-the-shelf lithium-ion batteries
are capable of producing considerable mechanical work, and thus they are excellent
prototypes to demonstrate the potential of electrochemical actuators. For this reason,
and to shed light into the desirable properties of future actuating cells, the actuator
prototypes in this thesis used solely commercial batteries as the expansive elements.
In this chapter we will first describe the actuating properties of commercial lithium-
ion batteries, and discuss some of the difficulties they present when used for mechan-
ical actuation. We then describe the design, construction and testing of a novel
actuator prototype, the Woven Actuator. Although this actuator concept was not ul-
timately selected for our morphing-blade prototype, it could prove attractive in this
and other applications, given adequate cell geometries.
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2.1 Mechanical Actuation Properties of Lithium-Ion
Cells
We begin this chapter by summarizing some of the results reported by Chin et al.
from the testing of the mechanical actuation properties of lithium-ion batteries (see
[10] for more details).
Figures 2-1 and 2-2 show two plots obtained from strain measurements of a Bell-
core cell with 150 mAh capacity. The results are shown for constant stress loads of
5 MPa and 15 MPa, and the batteries were charged using a constant-current (CC)
regime. The reported stresses and strains are uniaxial, in the loading direction.
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Figure 2-1: Strain response of a Bellcore 150 mAh cell under 5 MPa (reproduced from
[10]).
The presence of viscoelastic creep is immediately apparent from the graphs. This
behavior caused the strain values, for the same state of charge, to decrease with time.
It was found that pre-compressing the cells prior to charging reduced this effect and
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Figure 2-2: Strain response of a Bellcore 150 mAh cell under 15 MPa (reproduced
from [10]).
increased the apparent stiffness, although the creep was still considerable, specially
during the first few cycles.
One way of accounting for the creeping effects consists of substracting from the
measured strains an estimate of the creep strains Ecree,, which can be determined from
the variation of strain with time for points corresponding to the same state of charge
in the previous figures. A comparison of the strain curves at 5 and 15 MPa indicates
that, at higher loads, the cell strain decreases more than what would be expected
after accounting for creep. The arguments of the previous chapter have shown that
the applied stress should have a small effect on the cell equilibrium voltage (and thus
on M). Therefore, as pointed by Chin et al. [10], kinetic factors may be the cause
behind these losses. The authors believe that, at high stresses, the porous structure
of the polymer separator film gets closed, blocking the diffusion of ions. A proper
selection of the cell construction materials should significantly improve their actuating
capabilities since, besides eliminating viscoelastic effects, an overall stiffer structure
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would generate strains that are closer to the electrodes theoretical strains, as well as
higher forces.
Despite these deficiencies, the strains and actuation energies obtained from the
tests were surprisingly high, and they serve as a motivation for further work with
this active material concept. It was estimated from the tests that the cells had a
blocked stress of approximately 20 MPa which, when combined with a free strain of
3%, gives an energy density on the order of 300 kJ/m 3 , which is 3 times greater than
a good PZT piezoelectric ceramic [10]. These properties can also be compared with
other active material technologies in Figure 1-5 of the previous chapter. Moreover,
if expressed in terms of gravimetric energy density, lithium-ion cells have an energy
density of 120 kJ/kg, which is a factor of 9 higher than PZT.
Another result of interest from the experiments of Chin et al. was the achievable
actuation bandwidths of lithium-ion cells. For this purpose, a high C-ratel cell was
tested under different charging protocols: constant-voltage, constant-current and a
mixed protocol, starting with constant-current and then switching to constant-voltage
when approaching full capacity. In an attempt to get the maximum speed from
these cells, the tests were limited to the first 50% of the charge state, since it was
determined that the slope of the strain curve was steepest over this portion. Using
a constant-voltage charge, with a current limit of 20 C, strains of 1% under stresses
of 2 to 5 MPa were obtained, in cycles of 80-100 sec. These results correspond to an
actuation bandwidth of 5 mHz which, although still not high enough for the helicopter
applications, may be adequate for other passive, smart structures.
2.2 Electrochemical Woven Actuator Design
When attempting to use the actuating properties of electrochemical cells for smart
structures applications, it is found that the high strains that this technology is po-
tentially able to provide cannot always be directly employed, as many structures are
11 C corresponds to the current needed for a cell to reach a nominal capacity in 1 hour. It is a
useful unit for expressing the charging rates of batteries.
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Figure 2-3: Woven Actuator Concept.
not able to tolerate large strains. In these situations, the use of a strain de-amplifier
mechanism is desirable, in order to employ the high energy density of the active ma-
terial in a more effective way. In addition, current lithium-ion cells have rectangular
geometries and expand through their thickness (i.e., their short axis), which is not
well suited for cases where in-plane actuation is desired, such as in the smart blade
application. These considerations motivated the design of a coupling mechanism that
could transform the through-thickness expansion of the cells into an in-plane mo-
tion, while at the same time decreasing the free strain and increasing the stiffness of
the actuator. The design was based on the geometry of the ATL (Amperex Tech-
nology Limited, HK) 150 mAh battery, shown in Figure 2-12, and was named the
Electrochemical Woven Actuator.
The concept of the woven actuator consists of enclosing each cell between two
curved caps and creating a weave around them, in an alternating fashion. For elec-
trochemical cells of small dimensions, the weaving could be done by a process similar
to weaving on a loom. A schematic of the woven actuator concept is shown in Fig-
ure 2-3, where it is seen that the vertical expansion of each cell draws the loops
closer together, generating an in-plane contraction. Notice that the actuator requires
a tensile preload to be able to generate motion in both directions, something that is
desirable anyway to eliminate slack in the weave.
To test the concept, a prototype was built using steel wire instead of the intended
ceramic fibers. The reasons for this decision were that steel wire is readily available
and easier to manipulate by hand. It also facilitated the assembly process, as the
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need for a curing step to embed the fibers in an epoxy matrix was avoided, where
the high temperatures required could damage the cells. The steel-wire prototype was
fully operational and the data obtained showed good agreement with the theoretical
model, once we accounted for creep. The design, construction and testing of the
prototype is described in the following subsections.
2.2.1 Actuator Design
The following figure shows a single unit of the actuator with the main design variables
defined. The actuator geometry is described by the battery aspect ratio (t/w), total
thickness (h), non-dimensional pitch (L/w) and battery length (B).
B
t h
L
Figure 2-4: Actuator unit with design variables defined.
To understand the relationships between these variables, a simplified model of the
actuator was developed, based on the following assumptions:
1. The battery was modeled as a linear-elastic material in its entire range of op-
eration. This assumption means that, following the derivation presented in the
previous chapter, the stress in the material is given by
o- = Ee(Ef - E), (2.1)
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where Ee is the modulus of the battery, cf is the cell free strain and 6 is the
actual strain in the battery.
2. The stress on the battery was assumed to be evenly distributed across the
entire surface. For a constant, low-curvature surface, and assuming that the
wires behave like frictionless strings, it can be seen from a force balance at each
differential string element that this uniform stress condition is satisfied.
3. The wire was assumed to have a uniform tension and its compliance was included
in the analysis as a source of mechanical losses.
4. The wire was required to be tangent to the surface of the cap to avoid stress
concentrations, and its point of departure from the surface was located at the
edge of the cap. This point was assumed to remain fixed during the entire range
of motion.
5. No frictional or contact losses at the caps were included in the model.
We now obtain the model equations using these assumptions. Figure 2-5 show a sim-
plified diagram of one actuator unit in the undeformed and deformed configurations,
without the caps. The unit geometry is originally described by the quantities to, a0 , bo
and, in the activated and loaded state, by tL, aL, bL. The force and displacement in
this state are denoted by QL and qL, respectively.
t
aLL
~qL QL
Figure 2-5: Actuating Unit before activation and after activation, under an external
load. Note that the caps are not shown for clarity.
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To compute the stress on the battery surface, using Equation 2.1, we have that
the strain E at any configuration is given by
At (2.2)
to
If we now take a free body diagram of one of the caps, as shown in Figure 2-6, it is
found from a force balance that the total tension carried by the wires, T, is given by
2T sin9L = -Bw. (2.3)
This tension is related to the fiber elongation by using its spring stiffness KF,
which takes into account the total wire length along the actuator unit LFO and the
sum of the cross-sectional areas of all the wires covering its surface. We then have
that
T = ALFKF- (2.4)
We can also relate T to the force that the actuator generates at its output, using the
fact that
QL = 2T cos OL. (2.5)
Finally, the remaining equations are obtained by geometric considerations, giving that
qL = 2(ao - bL Cos OL) (2.6)
LFo
T #0_' _G_
OL 0L
Figure 2-6: Force balance for upper cap unit.
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bL = bo +AL (2-7)2
sintLL = (2.8)
2bL
This set of equations can be solved for different values of the battery strain. Fig-
ure 2-7 shows the predicted actuator characteristic curve, describing its displacement
under different loads, for a battery with a modulus of 200 MPa and free strain of
1.5%, a wire diameter of 0.20 mm and L/w of 1.67, considering one actuating unit
only. As we can see, the device behaves linearly in its entire range of operation, due to
the small changes in the angle 0. The actuator properties for these particular design
values are summarized on Table 2.1, and these values were used for the prototype
construction.
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Figure 2-7: Load-displacement characteristic curve for a single unit of the Woven
Actuator model.
To gain more insight about the actuator behavior, we can plot the battery strain
as a function of the actuator output strain, which varies according to the external
load, as shown in Figure 2-8. Notice that at the right end of the curve we have
the free strain condition, where a 0.34% actuator strain corresponds to 1.5% battery
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Table 2.1: Results from Woven Actuator Model for a Single Unit (Ee = 200 MPa, cf
= 1.5%, wire diameter of 0.20 mm and L/w 1.67).
Property Predicted Value
Free Strain (%) 0.34
Stiffness (N/mm) 11,703
Blocked Force (N) 660
Energy Density (kJ/m3 ) 4.73
Mechanical Efficiency (%) 61.3
strain. This relation corresponds to a free strain amplification factor of 0.226. As
the actuator load increases, for the same cell state of charge, the actuator output
and battery strain decrease. For the blocked case, i.e. for an actuator output equal
to 0, the battery strain is not 0, due to the compliance of the wires. Therefore, the
wire compliance has the effect of reducing the mechanical energy seen at the actuator
output. To quantify this effect, we define the mechanical efficiency as
I
7 mech =E E V (2.9)
2 f e
where V represents the total volume of the active elements in the actuator. For the
prototype design, the mechanical efficiency was found to be 61.3%.
It can also be concluded from the model that the actuator properties have a strong
dependence on the pitch of the device (L/w), as this pitch determines the value of
the wire angle 00, which affects the free strain amplification factor. In Figure 2-9, the
actuator stiffness and free strain are plotted as a function of this parameter. The plot
shows that it is possible to select a value of L/w that corresponds to desired strain and
stiffness values for any given application. However, in order to satisfy the tangency
condition, the curvature of the surface needs to be increased as L/w approaches 1.
This increase in L/w makes the actuator thicker, as shown in Figure 2-10, which is
undesirable since it would be impractical to implement a thick actuator as an active
weave concept and, in addition, the caps needed would be too heavy.
The effect of L/w on the actuator performance is shown in Figure 2-11, where
the mechanical efficiency is plotted as a function of L/w. Notice that as L/w ap-
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Figure 2-8: Battery strain versus actuator output strain from the free strain condition
to the blocked condition.
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Figure 2-9: Actuator stiffness and free strain as a function of L/w (one unit)
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Figure 2-10: Total actuator thickness as a function of L/w
proaches 1, the mechanical efficiency improves, as the smaller wire tension generates
less compliance losses in the wire.2
2.2.2 Construction
The construction of the prototype involved two steps: (1) preparation of the battery-
caps units and (2) weaving of the wire. The prototype consisted of three battery units,
each of which had a set of aluminum caps bonded to their surfaces (see Figure 2-12).
Its dimensions correspond to those of the design described in Table 2.1. The caps
were machined by taking slices of a circular rod on a milling machine, although, for
smaller dimensions and better precision, the preferred method would be to use a
process such as wire electrodischarge machining (EDM). The caps were bonded to
the battery surfaces using epoxy adhesive, which provides a strong bond, in order
to prevent that possible shearing forces resulting from asymmetries in the loading
generate a sliding motion, as occurred on earlier prototypes (see Figure 2-13).
2 Recall that no losses have been considered on the caps.
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Figure 2-11: Mechanical Efficiency of the Woven Actuator as function of L/w.
Figure 2-12: Lithium-ion battery with aluminum caps ready to be bonded
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Figure 2-13: Close-up of battery unit with improper cap bonding. Notice the sliding
of the caps.
Once the battery units were ready, a wooden fixture was prepared to hold them
for the weaving process (Figure 2-14). Notice that there was no need to maintain
an accurate distance between the batteries at this point, as this would be adjusted
through the tensioning of the wire. The weaving of the wire was done by hand, with
two shackles placed at the ends of the actuator for holding it on the testing machine.
We chose a wire diameter of 0.20 mm, based on considerations such as availability,
load bearing and bending radius.
Considering the weave pattern of the actuator, as shown in Figure 2-15(left), one
possible pattern consists of simply weaving the individual wires around the batteries,
alternating from the upper surface of one battery to the lower surface of the next
one. In this case, the weave formed at each cap only covers half of the total available
surface, giving a total wire width of B/2. Alternatively, a better weaving pattern is
shown in Figure 2-15(right) to consist of weaving the wires in pairs and, at the edges
of the caps (where opposing pairs of wires meet), each pair is twisted in order to get
a close packing. With this weaving technique, both surfaces are completely covered,
giving a total wire width of B, which traduces into a smaller series compliance and a
higher mechanical efficiency. In practice, this twisting consisted of a simple crossing-
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Figure 2-14: Batteries with caps ready for weaving.
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Figure 2-16 shows the completed actuator prototype. It is expected that, in the
actual actuator, each fiber will constitute a separate strand that is bonded together
at the ends of the actuator. For simplicity, this prototype was instead built out of
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only two individual wires, running together around all the batteries, with the wire
ends tied to the loops formed at one of the shackles.
Figure 2-16: Woven Actuator Sample close-up, ready for testing.
After the weaving was completed, the wiring was still loose and the battery units
separation was bigger than the design value. The assembly was then subjected to a
tensile load of 2,000 N by attaching a dummy weight and, in this condition, a series
of short steel rods of different diameters were inserted at the ends of the actuator to
draw the units as closely as possible to the required value of L/w.
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2.2.3 Testing
As we saw at the beginning of this chapter, commercial lithium-ion cells exhibit
viscoelastic effectes, which complicate their use as the active elements of actuators.
In order to ameliorate this effect, the cells were precompressed for 24 h prior to the
test and then, upon transferring the actuator to the test machine and applying the
preload, the actuator was allowed to settle to a small creep rate.3 However, because
of the long duration of the charge/discharge cycles, the small creep rate still had a
significant effect in the measured strain. This effect will be considered in the following
section.
Figure 2-17 shows the actuator installed on an Instron 8500 testing machine. It
can be seen that the two shackles at the ends of the actuator were connected to two
thick steel square rods, which in turn were held by the hydraulic-powered grips of the
machine. The actuator load was measured using a 10 kN MTS load cell, while the
actuator displacement was obtained from the machine crosshead position output (the
effects of the machine compliance on this measurement were considered small). To
correlate the actuator displacement with the battery expansion, an extensometer was
attached to one of the batteries, with its tips inserted between the battery surfaces
and the caps through two machined slots. We estimate conservative absolute errors
of t0.05% on the percent strains measured by both methods. The charging of the
cells was done with a constant-current regime.
The test consisted of the following load regime:
" Stage I Load Rise. The load was raised at a rate of 120 N/min up to a value
of 1800 N. This load corresponded to a prestress of 2 MPa on the batteries,
which was found from previous experiments to be adequate for the actuation.
" Stage II Creep Recovery. The actuator was allowed to approach a steady
state displacement for approximately 1 h.
3 Due to machine availability issues, it was not possible to leave the actuator in the testing machine
for long times, which would have been ideal for reaching a creep steady state.
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length-adjusting rods
Figure 2-17: Actuator installed on Instron machine (left) and close-up view of exten-
someter and length-adjusting rods (right).
50
" Stage III Discharge. The batteries were discharged completely, to get a
reference length from which to compute the strains.
" Stage IV Charge. The charging process was done using a constant current
regime.
* Stage V Stiffness Measurement. A displacement ramp at a rate of
0.01 mm/min was applied to measure the stiffness of the actuator and an esti-
mate of the blocked force.
" Stage VI Discharge and Unloading. The batteries were discharged to their
initial state and then the load was slowly removed.
Since the actuator needs to operate under a preload, the displacement measured upon
charging the cells corresponds to the free load displacement, as no additional load
was applied during the charging process. It is important to note that the long times
it took for the actuator to reach a steady state and to charge/discharge the cells
forced us to design the test in this manner. A better test would consist of taking
the displacements under different loads, starting from the free load and gradually
increasing up to the blocked-stress load. This procedure was used for benchmarking
the blade actuator described in Chapter 4.
2.2.4 Results and Analysis
We start by looking at the behavior of the actuator during the loading and creep-
settling test portions (Stages I and II), shown in Figure 2-18. It is seen that the
actuator starts stiffening at approximately 2% strain, which corresponds to the fact
that the wires are tensioning at this point. After the desired load of 1800 N is reached
(at approximately 900 s), the strain continues to increase due to the creeping behavior
mentioned before. It is apparent that, even after 1 h, the creep strain rate is still high
enough to affect the measured strains over the long charging times required. It is also
important to point out that the actuator creep rate was higher than the battery creep
rate (taking into account the amplification factor). This discrepancy could be due to
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additional sources of creep on the prototype, or a faster creep rate in the remaining
batteries (which were not instrumented). One of the possible sources of additional
creep was identified on early experiments, namely, inadequate bonding of the caps
to the battery surfaces which caused shearing of the battery units (see Figure 2-13).
Using high strength epoxy for the final prototype reduced this effect considerably, but
a more careful measurement of the actuator and batteries displacements is needed to
identify other possible sources of creep.
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Figure 2-18: Actuator output strain during the constant-rate
and constant-load at 1800 N stages of the test.
loading at 120 N/min
After allowing the creep rate to settle for 1 h, the charge/discharge cycle began.
The actuator and battery strains during the remaining stages of the test are shown
in Figure 2-19, with each portion of the test indicated.
In Figure 2-20, the stiffness-measurement portion of the test has been removed
from the plot for clarity (shifting the data to close the gap). The strain, measured
with respect to the actuator total length of 49.44 mm, with preload applied, is also
adjusted so that the zero-strain point corresponds to the total discharged length.
Notice how, as expected, upon completion of the charge-discharge cycle the battery
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Figure 2-19: Actuator and battery strains during Stages III - VI of the test.
and actuator strains do not return to their starting point, due to the creeping strains.
As mentioned earlier, we may subtract the creep strains from the measured strains to
estimate the value of the strain component due to electrochemical actuation. In order
to obtain this estimate, two curves were fitted to the data taken during Stage II and
extrapolated to the charge/discharge cycle. These extrapolated curves are shown in
the figure for both the actuator and the battery.
Using the extrapolated curves to correct Figure 2-20, we get a predicted result
as shown in Figure 2-21, where the maximum strain on the actuator corresponds
to 0.40% and on the instrumented battery to 1.48%. Assuming that the latter cor-
responds to the strain on all of the batteries and using the theoretical free strain
amplification factor, we can compare the two measurements. This is shown in Fig-
ure 2-22, where it is found that the two curves are within 25%.
We now return to the stiffness measurement performed during Stage V of the
test. By increasing the load so as to return the actuator to its initial length, the
electrochemical expansion on the batteries is recovered (although not completely, as
explained before in connection with Figure 2-8), and this compression of the cells
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Figure 2-20: Strains with Stage V removed and extrapolated creep curves superim-
posed.
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Figure 2-21: Actuator and battery strains with creep behavior removed.
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Figure 2-22: Actuator measured strain and battery strain amplified using the theo-
retical value of 0.226.
develops an increment in force at the actuator output. In a linear actuator, this
force would correspond to the blocked force of the device. The test results, however,
do not show this linear behavior, especially during the loading portion, as seen in
Figure 2-23, where we plot the actuator force versus its output strain for Stage V of
the test. Notice that, during the loading portion of the graph, there is a softening
effect on the actuator, limiting the increment in load to only 2100 N. The exact source
of this softening is uncertain, it could have been due to the viscoelastic behavior of
the batteries, sliding of the caps or shifting of the wires.
If we now look at the unloading part of the curve on Figure 2-23, we see that
the behavior is closer to being linear on this portion. A straight-line fitting of the
experimental data yields a stiffness of 3,641 N, close to the theoretical value of 3,900 N.
This result suggests that the softening mechanism was activated only during the
loading part whereas, during the unloading portion, the actuator behaved as expected.
However, this conclusion does not correlate with the battery strain data, shown in
Figure 2-24, where we see that the total compression of the battery during the Stage V
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Figure 2-23: Actuator force output during stiffness test (Stage V).
cycle was much lower than expected (compare with Figure 2-8). Further experiments
are required to determine the reasons for this discrepancy.
2.2.5 Conclusions
The testing of the woven actuator gave us important insight about the behavior of
electrochemical actuators and the features needed for future designs and tests. From
the test results analysis, we have seen that the free displacement of the device was in
good agreement with the expected values, once the creeping effect was removed from
the data. However, more work is required to determine the load-bearing capabilities
of the actuator, as Figure 2-24 suggests that there are additional sources of loss not
accounted for in the actuator model.
The prototype built and described in this chapter constituted only a proof-of-
concept. Clearly, many factors need to be improved like our construction methods,
wire (or fiber) bonding and cap attachment, not to mention the fact that unopti-
mized commercial batteries were used for actuation. Future generations of the ac-
tuator would incorporate electrochemical cells specifically designed for mechanical
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Figure 2-24: Comparison of actuator and battery strains during the stiffness test.
actuation, without creep and, ideally, with geometries that would allow the design
to be incorporated as an active fiber on structures. Since the electrochemical active
materials need to mature considerably before the woven actuator can be incorporated
into a morphing blade demonstration - which was the purpose of this thesis - the
concept was not explored any further. Instead, the remaining chapters will focus
on another concept which was easier to implement for demonstration purposes using
commercial batteries.
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Chapter 3
Morphing Blade Modeling
In order to design the morphing blade, it was necessary to estimate the hover perfor-
mance of a blade with a certain amount of built-in twist and trailing edge deflection,
as well as the energy required to achieve such deflection under the aerodynamic loads.
In this chapter we present the derivation of the model used to make these estimates
and we synthesize a series of requirements that will guide the design of the actuator
described in Chapter 4.
3.1 Hover Flight Model
During hover, the axisymmetric nature of the rotor aerodynamic environment simpli-
fies its modeling, which can be done with Blade Element Momentum Theory (BEMT).
The derivations presented here closely follow [151 and [161.
We start by just considering Momentum Theory (MT) , which consists of applying
linear momentum conservation to the helicopter rotor, idealized as a rigid disk of area
A and assuming constant properties throughout the disk. Taking a control volume
that encloses the slipstream at its far ends, with zero velocity at the top and w at
the bottom wake, as shown in Figure 3-1, from conservation of momentum it is found
that
T = rw, (3.1)
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Figure 3-1: Momentum Theory analysis of the helicopter in hover.
where ni is the mass flow rate through the disk and T is the thrust force developed.
From conservation of energy, we obtain an equation relating the far wake velocity
with the induced velocity at the rotor disk vi, given by
Tvi = IThw2 (3.2)2
which, when combined with Equation 3.1, gives
vi = Iw. (3.3)2
Since the mass flow rate is equal to pAvi, where p is the air density, it follows from
Equations 3.2 and 3.3 that
T = 2pAvi. (3.4)
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The hovering power is then determined by
T2 3Pi = Tvi = = 2pAvi, (3.5)
where P is the induced power, i.e., the power transferred to the mass of air in order
to keep the helicopter aloft.
It is convenient to make the previous equations nondimensional by normalizing
by the tip velocity Vip = QR, where Q is the rotor angular velocity and R its radius,
to define
A = V (3.6)vtip
T
CT =pAV (3.7)
P
CA = V, (3.8)
where the parameters A, CT and Cp are called the inflow ratio, thrust coefficient, and
power coefficient, respectively.
Using these parameters and Equations 3.4 and 3.5, we obtain
A= V/CT/2 (3.9)
= CTAc3/2
Ce= CT A= - . (3.10)
The nondimensional quantity CY/V2 corresponds to the minimum induced power
required for a given thrust coefficient CT. For an inflow ratio A that is not constant
along the rotor disk, as we have assumed so far, it can be shown that the induced
power is always greater than this value. In an actual rotor, besides the losses due to
nonuniform inflow, there are also profile losses associated with the drag of the blades.
A measure of the rotor hovering efficiency consists then of the ratio of the minimum
induced power and the sum of the total power required for hovering, which is defined
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Figure 3-2: Blade Element analysis during hover.
as the figure of merit (FM), so that
FM = .-IT (3.11)
(Ce, + CPI)
The figure of merit allows us to compare the efficiency of different rotor designs,
provided they have the same disk loading T/A. However, momentum theory does not
give us more information about the induced and profile powers needed to compute this
metric. For that purpose, we now consider the local conditions at the individual blade
elements, using blade element theory. Figure 3-2 shows such an element, where the
local pitch of the blade is 0, and the airflow velocity U has components Up and UT
normal and parallel to the rotor disk plane, respectively. The angle of the airflow
velocity with respect to the rotor disk, called the relative inflow angle (#), and the
angle of attack (a) are related to the local pitch (0) by
a = 0 - #. (3.12)
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The differential lift and drag forces for the blade element are obtained using the
local lift and drag coefficients, given by
dL = -pU2cCLdy (3.13)2
dD = -pU2cCDdy, (3.14)
2
where c is the blade chord and the y-axis points along the spanwise direction. Notice
that this analysis assumes that there is no influence between mutual elements of the
blade, as we have ignored radial components of velocity.
The lift and drag forces, as computed with the above equations, act normal and
parallel to the airflow velocity, respectively. Using the geometry of Figure 3-2, we can
project these forces into components normal and parallel to the rotor disk. The normal
component will then give us the differential rotor thrust, while the parallel component,
when multiplied by the tangential speed UT = Qy, will give us the differential power
at that element. For a rotor with Nb blades, we then have that
dT = Nb(d L cos(#) - dD sin(#)) (3.15)
dP = Nb(dLsin(q)+dDcos(0))Qy. (3.16)
We now make the simplifications
UT > up U UT (3.17)
# < 1 -> # Up/UT (3.18)
dL > #dD, (3.19)
which reduce the differential thrust and power expressions to
dT = NbdL (3.20)
dP = Nb(OdL + dD)Qy. (3.21)
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To make these equations nondimensional, as before, we use the blade radius and
tip velocity to define the nondimensional radial position r and the inflow ratio A,
which is now a function of r. We also define the blade solidity o-, corresponding to
the ratio of the blades total area with respect to the rotor disk area. Thus,
R = 1(3.22)
A = V = - r = or (3.23)QR Qy QR UT
_NbRc
- = A . (3.24)
Using the above equations, the expressions for the differential element thrust and
power coefficients become
dCT = Cr2dr (3.25)
2
1dCp = -- ($CL + CD)r3dr = AdCT + dCp.- (3.26)2
In order to integrate Equations 3.25 and 3.26 to obtain the total thrust and power
coefficients, we need to know the form of A(r). The required expression can be
obtained by combining the momentum and blade element analysis, which corresponds
to blade element momentum theory. Figure 3-3 shows the control volume considered
for the BEMT analysis. It consists of an annulus of internal radius y and external
radius y + dy where the flow properties are constant. In this case, the equivalent of
Equation 3.4 is
dT = 4irpviydy (3.27)
which, in nondimensional form, is expressed as
dCT = 4A2 rdr (3.28)
dP = 4A3rdr. (3.29)
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Figure 3-3: Control Volume used for BEMT analysis of rotor in hover.
To solve for A(r), we combine Equations 3.25 and 3.28. Noticing that the lift
coefficient is a function of the local angle of attack a and of the Reynolds and Mach
numbers, and that a is in turn dependent on the inflow ratio and the blade pitch, we
need to solve the system of equations
1
-- CLr = 4A(r) 2
2
CL = CL(a,Re,M)
a = O(r) - A(r)/r.
(3.30)
(3.31)
(3.32)
A closed-form solution for A(r) can be obtained from the above equations if a linear
variation of CL with respect to a is assumed. Alternatively, using a programming
environment such as MATLAB, and a numeric airfoil solver, it is possible to imple-
ment Equation 3.31 as a program function that calls the airfoil solver directly, and
then solve numerically Equation 3.30. This approach is more general, but in prac-
tice it may require many time-consuming evaluations of the lift coefficient function
before converging to a solution. In order to be able to evaluate the inflow efficiently
and for different blade geometries, the approach that we considered instead consisted
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of calling the airfoil solver to generate an initial look-up table and then, by fitting
curves to the obtained data, solving for the inflow. We describe in more detail the
implementation of this algorithm in the following section.
3.2 Model Implementation
Our analysis and actuator design were based on the Bell 427 utility helicopter, shown
in Figure 3-4. A typical gross weight of 2,381 kg and disk radius of 5.33 m were
assumed, which give a nominal thrust coefficient of CTom = 0.00829. Other typical
parameters used throughout our simulations are resumed in Table 3.1.
4
p
Figure 3-4: Bell 427 Helicopter (taken from 1171).
Table 3.1: Helicopter parameters used for the simulations.
Parameter Value
Weight (kg) 2381
Number of Blades 4
Blade radius (m) 5.334
Baseline twist (deg) 13
Root cutout (%) 14
Blade chord (m) 0.273
Airfoil profile Vertol VR7
Hovering RPM 395
Max. Cruise Speed (km/h) 252
Air density (kg/m 3) 1.2
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The BEMT equations were implemented via a program written in MATLAB, with
external calls to the viscous 2D panel-solver XFOIL, developed by Mark Drela [18].
Figure 3-5 shows a block diagram of the structure of the program, while the complete
code can be found in Appendix A. The program starts with an input of the blade pitch
as a function of r, discretized into a number of nodes, and including an initial collective
estimate 0(. It then builds up a look-up table of the lift and drag coefficients
for different angles of attack at each of the node locations (with a corresponding
Re and M number). Using splines to fit the data of this table, Equation 3.30 is
solved numerically for A and the thrust coefficient CT is obtained by integrating
Equation 3.28 from r = 0.14 (root cutout) to r = 1. This thrust coefficient is then
compared with the nominal thrust coefficient and, if the difference is greater than
a certain tolerance value, the collective pitch is adjusted and the program iterates
again. In this way the inflow for the blade trimmed to CT.,. is obtained. Finally,
using the curve fit of the drag coefficient data points, the power and figure of merit
are computed.
From the equations presented in the previous section, it can be seen that the
number of elements used to discretize the blade affects only the integrated thrust and
power coefficients as, according to our assumptions, the inflow ratio at each location is
independent of the value at other locations. This means that, if we are not interested
in the value of the inflow at a particular location, the number of elements should just
be chosen so that the numerical integration is performed accurately and efficiently.
For this purpose, we use Gaussian Quadrature, in which the integrals are calculated
by choosing appropriately the location of the N elements and weights wi such that
the integral of a function f(r) is approximated by
N
f(r)dr Z f(ri)wi. (3.33)
i=1
This procedure will integrate exactly a polynomial of up to order 2N - 1 [19 which,
for our 6-element discretized blade, means that we were able to integrate exactly a
polynomial of up to order 11.
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Figure 3-5: Block Diagram of the hover model implementation.
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Finally, we note that in the calculations of the figure of merit, using Equation 3.11,
the computed thrust coefficient was used instead of the nominal thrust coefficient. To
see why this was done, consider that if a blade is trimmed to match CT.o with a
precision of, say, 0.25% and CT,, is used to compute the figure of merit, then the
precision in the calculation would be 3/2 times this value, or 0.375%. However, if we
use instead the actual blade thrust coefficient, the precision is much better, as can be
seen by rewritting Equation 3.11 as
C 3/2/ FFM= = (3.34)
3/(C 2/\f) + C , ± (3+3
Tideal
where K accounts for the losses due to nonuniform inflow and /e = C/2 . By
studying the variations in , and Cp0/Cpid1 due to small variations of the thrust co-
efficient, it was determined that a tolerance of 0.25% corresponds to a precision in the
figure of merit computation of about 0.04%. Therefore, throughout the simulations
we matched the thrust coefficients to within this value.
3.2.1 Modeling of a Blade with a Trailing Edge Flap
The model implementation described before, using to solve for the airfoil properties,
is readily suited to compute the Figure of Merit for the case of a blade with trailing
edge deflection, by simply loading an airfoil with a certain amount of flap deflection
at each location when generating the look-up table.
Figure 3-6 shows the Vertol VR-7 airfoil used in our design, with two configuration
variables defined: the flap hinge location (Xh) and its deflection (6). The hinge was
assumed to be at the top surface of the airfoil.
In order to find XH and 6, it was necessary to estimate the required energy needed
to achieve a certain flap deflection at each location. For this purpose, XFOIL was
used to compute the flap hinge coefficient CH for a given flap deflection and angle of
attack. This coefficient is then used to compute the aerodynamic hinge moment MH
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XH
Figure 3-6: VR7 airfoil with a flap located at Xh and having a deflection 6.
as'
1 2
MH = -PU2C2CH. (3.35)2
The hinge coefficient CH was assumed to vary linearly with the flap deflection, i.e.,
CH = CH 66 + CH0 , (3.36)
which simplified the actuator design, as the aerodynamic loads are simply modeled as
a spring load plus a constant load. The coefficients of Equation 3.36 were obtained by
least-squares fitting of the values computed with XFOIL for different flap deflections.
Figure 3-7 shows typical results for a flap with XH = 0.8c, where CH, and CH. are
plotted as a function of angle of attack. In general, the program predicts lower hinge
moments for the viscous solution due to boundary layer separation, which reduces
the pressure difference between the flap surfaces. For our design calculations, the
conservative inviscid solution was chosen. Notice also that CH, > 0 corresponds to a
stable flap deflection, while CH > 0 means that the equilibrium position of the flap
(i.e., when MH = 0) occurs at an upward deflection.
3.2.2 Model Limitations
Although the BEMT presented in the previous sections offers good agreement with
experimental data for our purposes, several simplifications have been made in the
1Note that this definition of MH employs the blade chord as opposed to the flap chord, which is
consistent with the definition used in XFOIL.
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Figure 3-7: Linearized Hinge Coefficients CH, (left) and CH, (right) for a flap with
xH=0.8 .
analysis, which must be considered for interpretation of the results and further re-
finements.
Some of these simplifications are:
1. The rotor has been modeled as rigid and possessing a high number of blades.
2. No tip losses have been considered. Although these reduce the computed thrusts
considerably, the trends predicted from the comparison of different blades should
be similar.
3. No radial component of velocity has been assumed.
4. The sections have been considered independent of each other.
5. Since the blade was modeled as rigid, the flapped blade calculations assume
that there is no aileron reversal effect, in which the pitching moment produced
by the pressure differences induces a twist change in the blade that limits the
flap effectiveness [201.
6. Our analysis has focused only on the rotor. Therefore, no consideration has
been made about the effect of the inflow in the helicopter body, which can
affect the Figure of Merit, as a higher inflow closer to the root traduces into
greater downwash over the helicopter body, degrading performance [131.
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3.3 Morphing Scheme Design and Requirements
We start this section by analyzing the effect of built-in twist on the figure of merit.
For the Bell 427 helicopter, a baseline value of 13* built-in twist from root to tip was
assumed. For this value, the BEMT model predicts a figure of merit of 0.842, while in
Figure 3-8 we plot the percent changes in figure of merit for other values of blade twist.
Notice that the model confirms the expected result that higher amounts of built-in
twist translate into better performance in hover. This figure can also be compared
with the experimental results by Keys et al. [131, shown earlier (Figure 1-6).
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Figure 3-8: Percent change in figure of merit for different amounts of negative built-in
twist. (CT/a = 0.11).
As discussed in Chapter 1, the trailing edge deflection scheme was selected over the
variable-twist scheme due to elastic deformation energy considerations. This deflec-
tion scheme should modify the inflow distribution in order to obtain similar benefits
in hover performance as those afforded by an increase in blade twist. In addition, the
design of the morphing blade should consider not only the blade performance in hover
but also in forward flight, since in this manner we could determine the optimal built-
in twist for forward flight performance and the optimal deflection for hover. However,
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accurately modeling the rotor environment in forward flight is a complex task, which
was out of the scope of this work, and for this reason we arbitrarily selected a twist
of 90 for the morphing blade, instead of the baseline value.
Therefore, the goals of the morphing blade were defined as:
Hover: From the results of Figure 3-8, it is seen that using a 9* twist blade would
produce a reduction of about 0.6% in the figure of merit with respect to the
baseline blade. Thus, the deflection of the flap should compensate for this
degradation in hover performance and still increase the original figure of merit
by some amount.
Forward Flight: A blade with 40 less twist should improve forward flight perfor-
mance in terms of vibratory loads. Although the magnitude of this improvement
is difficult to predict, the experimental results by Keys shown earlier (see Fig-
ure 1-7) suggest that is could be considerable.
It must also be mentioned that a selection of lower twist blade also affects the forward
flight efficiency. Although for the particular blades studied by Keys the low-twist
blade showed a better forward flight performance, Johnson [16] points out that the
opposite can also be true, as the higher twist unloads the tips during forward flight,
delaying stall and reducing compressibility effects. If, for a particular design, a lower
twist blade does decrease the forward flight efficiency, this must be weighted against
the vibratory loads reduction in order to determine the optimal amount of twist.
The performance goals mentioned above are expressed quantitatively in Table
Table 3.2, where the numeric values should be considered mainly as a starting point to
come up with a blade design, since future studies are needed to refine these numbers.
As seen in the table, a goal of 1% increase in figure of merit was defined, when
compared with the baseline blade (13* twist). With respect to the blade properties, a
requirement of less than 10 of airload-induced flap deflection under extreme conditions
was defined, implying that the flap should be much stiffer than the aerodynamic load
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Table 3.2: Morphing-Blade Requirements.
Performance
Hover 1% increase in FM
Forward Flight Same as 90 twist blade
Blade Properties
Flap Stiffness Airload-induced deflection < 1*
Added Mass per span < 10% Blade Mass per span
(modeled as a spring force). This requirement can seem to be in conflict with the
idea of impedance-matching of the actuator stiffness to the aerodynamic load, which
is done in order to transfer the maximum amount of energy from the active material
to the load [21]. It must be remembered, however, that we are designing a quasi-static
actuator, as opposed to a high-bandwidth actuator in which disturbances produced
by the aerodynamic loads can be compensated using feedback control. In our case,
the airfoil must be able to passively maintain its shape under the aerodynamic loads
to avoid a considerable performance degradation [22], and thus the flap must have
a higher stiffness than the aerodynamic load. Finally, the last requirement shown
in Table 3.2 consists of the maximum added mass per span that can be tolerated
on the blade, namely, 10% of the blade mass. This requirement will determine if
the actuation scheme is viable for the energy densities of the electrochemical active
materials.
The previous list of requirements is not exhaustive, as there are many other con-
siderations that will play an important role in the success of the design, including
the blade elastic properties, the location of the center of gravity, actuator tolerable
temperatures, actuator robustness, tolerance to high centrifugal loads, and service-
ability. Future versions of the design should address these issues in detail. However,
the requirements considered in Table 3.2 are sufficient to assess the feasibility of our
concept and develop an initial actuator design.
The next step in the design process consisted of finding a suitable set of values
for the shape variables XH and 6 in order to meet the morphing blade requirements.
A study of the energy needed to deflect the flap at each location lead to selecting the
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flap hinge point at 80% percent of the blade chord, i.e., XH = 0.8c. In addition, we
considered a linearly-varying downward deflection of the flap, starting from the blade
root and up to 90% of its length. No deflection'was specified at the tips, because in
that region the effect of the flap on the inflow is expected to be small, due to the lift
losses produced by tip-vortex interactions.
Figure 3-9 shows the predicted change in figure of merit for different amounts of
linear flap deflections, specified by the root deflection 6root at r = 0. It is seen that
the case where 6root = 220 gives the required improvement, and therefore this value
was selected as the deflection goal. Figure 3-10 summarizes the resulting morphing
scheme. It must be said that other spanwise variations of flap deflection could be
considered in the future. In fact, the BEMT model implementation could be coupled
to an optimization algorithm to find the optimal flap deflection at each location.
However, this optimization would have to consider the deformation energy required to
achieve a particular spanwise variation, which we have neglected so far by considering
adjacent sections to be independent of each other.
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Figure 3-9: Percentage change in figure of merit with respect to baseline blade for
different amounts of flap deflection at the root and linearly varying along the span.
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Figure 3-10: Selected deflection scheme for morphing blade.
For the selected flap deflection with XH = 0.8c, 6rioot = 22' and a blade twist
of 90, the increase in hover power coefficient is compared with the baseline blade
in Figure 3-11. As expected, using a blade with lower twist in hover requires more
induced power, since the inflow ratio is less uniform, although the profile power is
slightly lower. Once the flap is deflected, both the required induced and profile power
decrease, and the 1% improvement in figure of merit is achieved.
To compute the required flap stiffness, the values of the hinge coefficients CH, and
CH, that produced the biggest deflection while in forward flight were selected and,
assuming a cruise speed of 252 km/h, an estimate of the extreme hinge loads was
obtained. By requiring the flap deflection to be less than 10 under these loads, the
flap stiffness per blade span was computed. This is shown in Figure 3-12, together
with the aerodynamic stiffness during hover. We can see that, at the blade midspan,
the flap should be about 20 times stiffer than the aerodynamic loads in order to meet
the airload-induced deflection requirement.
The flap deflection and rotational stiffness per span kRfa., at each location on
the blade allows us to compute the required actuator energy. Denoting quantities
per-span of the blade using lowercase letters, the actuator energy Uad is given by
Ua = 1 l62 (337)
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Figure 3-11: Increment in hovering power coefficient for the morphing blade, com-
pared to the baseline blade.
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Figure 3-12: Flap stiffness per span required to meet 10 deflection requirement.
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For a given expansive material, with energy density we and density p, its required
mass per span m is then computed by
m = Puact (3.38)
We
Figure 3-13 shows the required mass per span for an active material with modulus
Ee = 150 MPa and free strain Ef = 1% (We =7.5 kJ/m 3) , corresponding to the typical
values of a commercial battery, and for a material with Ee = 200 MPa and Ef = 4%
(we =160 kJ/m 3) corresponding to the high density cells described in Chapter 1. A
density of 2.05xi03 kg/m 3 , typically found in commercial batteries, was assumed.
The dashed curve represents the mass requirement, i.e., 10% of the blade mass per
span.
0.4 - E = 150MPa, strain = 1%
-- - E = 200MPa, strain = 4%
-- --- 10% of blade weight req.
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Figure 3-13: Mass per span required to meet deflection and stiffness values (assuming
no losses). (Mass per span values are referred to the helicopter blade mass at r = 0.5.)
The results of Figure 3-13 show that the energy per mass of commercial batteries
is not sufficient to meet the mass requirement, while the high density cells do posses
enough energy. This plot, however, does not account for losses in the actuator design.
In practice, a substantial portion of the active material energy is lost in the coupling
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mechanism, which transforms the material expansion into flap deflection. In addition,
if the trailing edge deflection is implemented as a continuous morphing airfoil, the
deformation energy of its structure must be considered. To take these losses into
account, on Figure 3-14 the required energy for the high density cells has been scaled
for different mass efficiencies. In terms of the actuator losses, we can expect that
a properly optimized designed will achieve a mass efficiency of 15% or better [23],
which is still within our design requirements. However, adding the parallel stiffness
of the trailing edge structure (for a continuous morphing airfoil), might lower the
mass efficiency even more.
0.4- mass = 20%
mass = 15%
= 10%
0.3mass
- - - - 10% Blade Weight Req.
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Figure 3-14: Mass per span required to meet deflection and stiffness values, assuming
losses and using high density cells properties. (Mass per span values are referred to
the helicopter blade mass at r = 0.5.)
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Chapter 4
Prototype Design and Testing
The modeling effort of the previous chapter concluded with a series of requirements
for the morphing blade actuator, namely, the flap deflection and stiffness at each
blade radial station. In addition, we computed the active material mass needed to
meet these requirements for different actuator efficiencies.
We will now focus on the actual design of the blade actuator, which purpose is
to transform the active material expansion into flap motion. The chapter starts by
describing the actuator concept, and presenting a lumped-parameter mathematical
model used for its design. After validating the design model using a finite element
software package, the construction and testing of a scaled prototype of the actuator
is presented.
4.1 Actuator Concept
The actuator design problem is shown schematically in Figure 4-1, where it is seen to
consist of devising a mechanism capable of transforming the linear displacement of
the cells into an output flap deflection 6, with a stiffness per spani of kRLGp.. To limit
the scope of this project, we focused only on a small section of the blade located at
1As in the previous chapter, we will use K to represent linear stiffness, and KR to represent
rotational stiffness. In addition, when these quantities are expressed per unit span, we will use
lowercase letters, i.e., k and kR.
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design domain
------------- output deflection
input displacement active element
Figure 4-1: Actuator mechanism design domain.
r = 0.47. Thus, the only requirements considered were the flap deflection and stiffness
at that particular location, as well as the added mass per span (see Table 4.1).
Table 4.1: Prototype Requirements
Requirement Value
Flap Deflection (deg) 6 req= 10.5
Flap Stiffness per span (N-m/m/rad) k r;u = 361
Added mass per span (%) <10
During the problem setup, it was decided to orient the cells so that their displace-
ment would be along the blade chordwise direction, as shown in Figure 4-1. This is
not the most favorable orientation for the currently available cell shape factors, as it
leads to a thick actuator design. However, a cell displacement in the direction nor-
mal to the blade chord is more difficult to transform into flap deflection, as it would
probably require the use of members acting as levers, which tend to be inefficient.2
Notice also from Figure 4-1 that the active cells are assumed to be located inside
the blade spar. For stability purposes, the airfoil center of mass must lie closer to the
blade leading edge than the aerodynamic center of pressure [241. Thus, placing the
majority of the actuator components inside the spar minimizes the need for additional
balancing mass.
2The Woven Actuator, as discussed in Chapter 2, offers a solution to this problem, by transforming
the thru-thickness strain of the cells into an in-plane displacement. However, the use of this actuator
was impractical for the available cell dimensions.
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We opted for designing a compliant mechanism to transform the motion of the
cells into flap deflection. Some of the advantages of this type of mechanisms are the
following [251:
1. Since a compliant mechanism behaves like a continuous structure throughout
the loadpath, the possibility of backlash caused by element interconnections is
avoided. This is important since, for the small displacements that the active
elements generate (of the order of half a millimeter or less), any backlash present
in the load path would reduce the output displacement considerably.
2. A compliant mechanism is easier to manufacture at the scales needed in an
helicopter blade, requiring fewer parts and assembly steps.
3. There is no friction present in the device. Although, for passive actuators,
heating due to motion between the links is not an issue, the presence of friction
increases the required actuation forces.
Some researchers have used an elegant approach for designing compliant mechanisms
consisting of meshing the design domain with variable-density elements and, by solv-
ing a constrained optimization problem, finding a material distribution that generates
the required output motion (see, for e.g., [26] and [271). A simpler approach, which
we followed here, consists of synthesizing a mechanism using rigid-link kinematics,
and then simulating the joints with small flexures. In this way, it is easier to guaran-
tee that the actuator constraints are satisfied and that the resultant structure is not
overly complex to build.
Regardless of the method chosen, as shown by Prechtl and Hall [23], the design
involves an optimal matching of the mechanism input stiffness and the actuator stiff-
ness. While a stiff actuator is able to generate large motions, it would waste too much
energy in elastic deformation of the mechanism. On the other hand, if the actuator
is not stiff enough, it would generate little motion due to the resistance offered by
the mechanism. In addition, material failure limits and stability critical loads further
constrain the design space.
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To account for the energy losses in the mechanism, we can use the mechanical
efficiency, defined previously, as the ratio of the available energy at the actuator
output to the available energy of the active material. Thus
lKad 2
7mech = EeEjVe' (4.1)
where Kac, and qf are the actuator output stiffness and free displacement, respec-
tively, and Ee, ef, and Ve are the active material modulus, free strain and volume.
It is important to realize that the losses in the actuator flexures are not the only
ones affecting the mechanical efficiency of the device. We must also consider all the
parasite compliance present in the closed load path, which includes the connecting
links and supports. From the mechanical efficiency point of view, for components that
are not intended to deform elastically the stiffer the better. However, for applications
like the rotorblade actuator, where mass is a pricey commodity, very stiff components
may lead to unacceptably heavy actuators. For this reason, a better metric in the
blade actuator design is the mass efficiency, defined as
77mass = 7lmech M (4.2)
Mad
where Me is the mass of the active material and Mad is the mass of the whole actuator.
This metric effectively penalizes actuators with a high mechanical efficiency but that
are too heavy for the rotorblade application.
Dealing now with the mechanism synthesis, the required input and output motions
shown in the previous figure lead us to select a piston-crank linkage as the basis for
our compliant mechanism design. Furthermore, to drive its input, we decided to place
two stacks of cells in antagonistic fashion, with a plate in the middle connected to
the mechanism, as shown schematically in Figure 4-2. By simultaneously expanding
and contracting the opposing stacks, the middle plate linear motion is transformed
by the coupling mechanism into flap deflection.
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Stacks
Middle Plate Piston-crank linkage
Figure 4--2: Actuator mechanism operation under a stack input displacement.
The antagonistic configuration of the stacks offered several benefits, including:
1. There was no need to apply an external preload to the stacks through the load
path, since both stacks can be charged to some amount to generate the required
compressive preload.
2. The operation of the antagonistic set of stacks allows for an attractive activation
scheme, in which part of the charge needed for the expanding stack is transferred
from the contracting stack. This scheme should reduce considerably the amount
of external energy needed to activate the actuator.
3. Although, for the same actuator length, only half of the displacement is ob-
tained, the stiffness measured at the middle plate is 4 times greater. This
tradeoff is desirable for the large displacement, low stiffness electrochemical
cells.
4. The flap becomes less sensible to common-mode deflections caused by stack
creep or thermal expansion, the latter being likely to occur during fast-rate
charging.
An important component of the actuator design consists of the stacks support,
which houses the stacks and reacts their loads, since it can greatly affect the mass
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Figure 4-3: Section of Morphing Blade Actuator.
efficiency of the device. Instead of designing an independent support, we decided
to enclose the cells inside the blade spar, effectively using the spar structure as the
reaction support. The advantage of this configuration is that it reduces the total
actuator mass, as a structural and aerodynamical component of the blade construction
is also acting as a member of the actuator. However, this configuration also implies
that the design of the actuator is now tightly coupled to the blade properties, and
great care must be taken to avoid that loads acting on the spar also actuate the
actuator [28]. Future generations of the design must address this issue in detail.
Figure 4-3 shows all the components of the actuator, while the actual design is
described in the following sections. The antagonistic stacks are shown enclosed inside
the blade spar, with the middle plate connected via two pushrods to the flap. The
pushrods have flexures at both ends, acting as the mechanism hinges, while a third
flexure joins the flap to the back of the blade via a closing member. To close the load
path, two reaction ribs join the back of the spar with the closing member, providing
a stiff return path for the loads. The spar is made of aluminum, although other
materials should be explored, and the fairing and flap consist of a foam core enclosed
with carbon fiber skin.
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4.2 Actuator Modeling
In order to find the best dimensions and materials for the actuator components, it was
necessary to construct an accurate but efficient mathematical model. At this early
stage of the design process, using sophisticated models like the finite element method
was not an adequate solution, since many design iterations would be needed before
coming with a final design. For this reason, we used a lumped-parameter model, in
which the compliant mechanism is treated as a rigid-link mechanism, with torsional
springs placed at its hinges and linear compliance elements placed along the loadpath.
Figure 4-4 shows the linear graph model of the complete actuator. By taking
advantage of the graph similitude with an electric circuit, this representation provides
valuable insight about its behavior.3 Looking at the left loop of the linear graph, we
notice that the linear displacement acts as the voltage variable, and the force along
the mechanism components acts as the current variable. In addition, the reciprocal
of the stiffness of each member (i.e., its compliance) acts as the resistance. The
first component of the model, at the far left, consists of the expansive stacks, which
generate a free displacement qf and have a stiffness Ke. We can see that their behavior
corresponds to that of a free-displacement source in series with an impedance 1/K,
since the force Q transmitted through the actuator, for an actual stack displacement
of q* , is given by
Q = Ke(qf - q*), (4.3)
which is exactly the equation that arises from the circuit model.
Next to the expansive element we have a series compliance K, which provides a
source of losses in the device due to elastic deformation of the actuator elements. The
effect of this series compliance is to reduce the stack displacement q* to an effective
displacement q.
The graph then includes a transformer that joins the two loops, and which trans-
forms the linear displacement into an angular displacement, with an amplification
3 An exposition of the linear graph method for deriving the equations of motion for dynamical
systems can be found in [29].
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Figure 4-4: Linear graph model of the blade actuator.
factor s corresponding to the mechanism lever arm, such that
q (4.4)
Proceeding to the right, the second loop now has as voltage variable the flap an-
gular deflection and as current variable the torque. We have two rotational loads in
this portion of the circuit: a parallel stiffness and the aerodynamic load. The parallel
stiffness KR, accounts for the torque required to drive the mechanism under no exter-
nal load (i.e., the input force needed to deform the flexures), while the aerodynamic
load consists of a spring component KRero and a constant load component MO, as
described in Chapter 3.
Consistent with what we would have expected, the linear graph model shows that
the actuator design should strive to obtain a very large Kc and a very small KR,,
while keeping the mass of the components low.4
'A very large K, means that this impedance is almost short-circuited, reducing the difference
between q* and q. Similarly, a small KR,. means that this impedance is almost an open-circuit,
reducing the torque flow through it.
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Aerodynamic Load
We now define the design variables, shown in Figure 4-5, and obtain relationships
that will allow us to find the best values of these variables in terms of the actuator
performance. Each stack has dimensions H, L and B, and the flap has a span of x.
The flexures, labeled 1 through 3, have a thickness, length, and width hi, 1j, and bi
respectively, for i =1, 2 and 3. Other variables of interest not shown in the figure
are the pushrods and reaction ribs lengths, cross-sectional areas and inertia moments,
the middle plate thickness, and the closing member dimensions.
BLADE SIDE VIEW
flexure 3
FLEXURES
flexure 1 flexure 2 X
B x
BLADE TOP VIEW
Figure 4-5: Main design variables for the blade actuator.
To obtain an expression for Kc, we assume that the flap is rigidly held at a zero
deflection (which is equivalent, for the circuit analogy, to shorting the ouput), and
we then compute the force generated at the input for an applied unit displacement
q* = 1. A mechanical efficient mechanism would require a very large force at the
input under this condition, while an actuator with a high series compliance would
offer little resistance to the applied displacement.
Using the variables defined in Figure 4-5, we can thus compute K,, as
K3c = (Ee] b+h E A E + Km + Kc + Kar, (4.5)
=1 Li )± pTAr±Errr±K ±K+Sa
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where the subindexes pr and rr refer to the pushrod and reaction rib, respectively,
and the terms Kmp , Kc, and K,,,r account for the compliance losses in the middle
plate, closing member and spar. Notice that we are assuming in this equation that
the flexures, pushrods and reaction ribs are subjected only to axial loads, which is
reasonable from the expected geometry of the mechanism.' To estimate Kmp and
Kcm, the components were modeled as cantilevered beams, with a force applied at
their tips. Also, for the estimate of the spar stiffness, Kpar, a 2-D plane-strain finite
element model of the cross-section was used, which allowed us to determine the size
of the spar walls.
Next, we estimate the parallel stiffness seen at the input of the mechanism. For
this purpose, we apply the principle of virtual work to the pseudo-rigid model of the
actuator [25], where the mechanism is considered as being rigid with torsional springs
placed at its hinges. Figure 4-6 shows the mechanism at an initial equilibrium position
under an input load Q and, superimposed to this configuration, an arbitrary set of
virtual compatible displacements is applied (dashed lines). Applying the principle of
virtual work, it is found that
Q~q + M 1601 + M2 602 + M3 6 3 = 0, (4.6)
where 6q is the input virtual displacement, and M and 6JO correspond to the moments
and virtual deflections at each of the flexures.
We can express the flexure moments in terms of their elastic potential functions,
given by
VR = -KR~?, (4.7)2
such that
= - dVR, (4.8)d6;
where we note that the reaction torque tends to decrease the elastic potential.
5 This explains what was mentioned earlier regarding the mechanical inefficiency of levers. Since
they are primarily subjected to bending moments instead of axial forces, for the same geometry,
they have a bigger series compliance.
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Figure 4-6: Mechanism original configuration and compatible displacements super-
imposed.
Similarly, we can express the force applied at the input in terms of its elastic
potential function, given by
V = K,q2 (4-9)
where Kp, corresponds to the linear impedance seen at the actuator input or, using
the circuit analogy, the reflected impedance at the other end of the transformer. The
force is then given by
dVQ = -. (4.10)dq
Substituting Equations 4.7 thru 4.10 into Equation 4-6, and noting that qjq =
1/23q 2 and 9O201 = 1/269,?, we find that
6q 2Ks = 602KRJ + 60|KR2 + 269 KR3. (4.11)
From the geometry of the pseudo-rigid mechanism, assuming small displacements,
we can express the rotation at each hinge as proportional to the input displacement
q such that
9j = q (4.12)
Si
which, when substituted into Equation 4.11, gives
K,, = ( . (4.13)
i=1 t
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Equation 4.13 allows us to obtain the actuator input linear parallel stiffness due
to torsional deflexion of the flexures, which represents a resistance to the flap motion.
As we mentioned in Chapter 3, it has been assumed that the flap behaves as a discrete
surface, without deformations in the chordwise and spanwise directions. If the trailing
edge were designed to deform continuously instead, then the resistance to the flap
deformation could be modeled as an additional parallel stiffness contribution (and
there could be a series compliance contribution too).
The lever arms si of Equation 4.13 are determined from the rigid-link kinematics
of the mechanism. For our case, with the long pushrods and short distance between
joints 2 and 3, it was found that s2 ~ s and S3 < si. For this reason, although s, was
used to compute the parallel stiffness contribution of flexure 1 with Equation 4.13,
the main concern was the selection of the lever arm of flexures 2 and 3, since it relates
the input motion and stiffness to the output. We will refer to this lever arm simply
as s, which was already indicated in Figure 4-4.
We next use the requirements of Chapter 3 to find the optimal values for the
mechanism design variables. In order to find these values, we notice that the effect of
the series compliance will be to reduce the stack stiffness, giving an effective stiffness
of
K' - KeK sc
e Ke + Ksc
This expansive element stiffness, when reflected as a rotational stiffness on the flap,
will be scaled by s2, giving that
_s
2K'k' = 2 , (4.15)
where k' represents the expansive stacks effective rotational stiffness per unit span.
This stiffness can be compared directly with the required flap stiffness given in Chap-
ter 3, once we account for the contribution from kR,,, which makes the actuator
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output stiffer.' Thus, we have that
k'f + k, > k iaq (4.16)
We also need to ensure that the stacks have enough free displacement so that
the flap deflection matches the required deflection under the aerodynamic loads. By
analyzing the force flow in the linear graph model of Figure 4-4, we find that, in order
to generate an output deflection of 6 req, the stacks must produce a free displacement
given by
qf = s (req kR 8 ± kRaero ± M) (4.17)
By matching the stack dimensions to the required free displacement and stiffness,
we get that
L = f 2(4.18)
2f
2EeHB Ke, (4.19)
L
where we recall that the antagonistic configuration makes the input two times stiffer
than each stack.
Given a set of dimensions for the actuator components (i.e., the flexures, pushrods,
middle plate and reaction ribs), we can now calculate, with the equations given, the
required stack dimensions and the mechanism lever arm s. In the next section we
will describe the selection of the components dimensions.
4.3 Prototype Design
A convenient way of solving the model equations of the previous section consists of
introducing them into a spreadsheet program such as EXCEL, with the capability
of iterative solving. This approach allowed us to study several scenarios by selecting
'Although kR,, contributes to a stiffer flap, making this value intentionally high is not beneficial,
in the sense that more energy is needed to generate the same output motion and the flexures must
be stronger to withstand the higher stresses.
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different values for the variables and choosing alternative materials. Moreover, using
the EXCEL add-in package SOLVER [30], it was possible to optimize the design in
terms of its added blade mass. However, in order to obtain a practical design from
this optimization, additional constraints had to be added to the model.
Starting with the flexures, we notice that they are expected to experience signifi-
cant deformation during the flap deflection, so it must be ensured that their stresses
are below the yield strength of the material. For a cantilevered beam with a deflection
of 6 at one of its ends, the maximum normal stress is given by
a- = 2 , (4.20)
where Efje, is the flexure Young's modulus and the other variables were defined in
Figure 4-5. Notice that this equation implies that compliance is desirable in terms of
material failure limits since, for a given displacement, the more compliant the flexure
the smaller the stresses will be.
The flexure critical buckling load can be computed using the Euler equation for a
column fixed at both of its ends, i.e.,
_F2 Eflexbh3
Fcr 1212 (4.21)
With respect to the material selection, in order to select the best material for the
flexure construction, Equation 4.20 shows that one could start with several candidates
possessing a high ratio of yield strength to Young's modulus Sy/E, and then choose
the material that offers the biggest feasible design space [31]. We concluded from such
analysis that steel was the most adequate material for this prototype, considering also
its cost, availability and machinability. In a similar way, for the pushrods and reaction
ribs, carbon fiber was selected as the material of choice.
Since the feasible design space varies greatly depending on the active material
energy density, we discuss separately the designs of a blade section with a first-
generation electrochemical active element and with current off-the-shelf commercial
batteries.
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4.3.1 Design with Projected First- Generation Electrochemical
Actuators
We first consider the solution of the design equations for a prototype driven by an ac-
tive material with a free strain of 4% and a modulus of 200 MPa, which are reasonable
values to expect for the first generation of electrochemical actuators [32]. The density
of the cells was assumed to be 2.05 x 103 kg/M 3. Moreover, we assumed that these
materials can be manufactured with any shape factor required. Other constraints
added to the model include minimum flexure thickness, limits on H and L so that
the stacks fit inside the spar, as well as the requirement that the flap span should be
greater than the stack span, i.e., x/B > 1. These requirements are summarized in
Table 4.2.
Table 4.2: Constraints of Prototype Design with First-Generation Electrochemical
Actuators
Description of Constraint J Equation
Flexure stresses below yield strength -/Sy < 1
Load in flexure, pushrods and ribs below critical load F/Fcr < 1
Flexure thickness greater than min. machinable thickness hi > hmin
Stacks must fit inside the spar H < Hmax, L < Lmax
Minimum mechanism lever arm s > 0.75 mm
Flap span greater than stack span x/B > 1
With these additional constraints, we can now apply an optimization routine to
find the best actuator design, in terms of the added mass per span to the blade. The
results of the optimization routine are presented in Figure 4-7, where the minimum
mass design for different values of the flap span per blade chord x/c is shown. In
order to ensure convergence to the global optimum, the optimization was performed
20 times for each value of x/c, using random initial solutions.
The graph of Figure 4-7 can be used to select the best tradeoff between added
mass and number of actuator units required for the design. For example, if a value of
x/c = 0.25 is selected, the added mass per span would be 5% of the blade mass, which
is within the requirement set on Chapter 3. However, if instead x/c = 0.5, the added
mass per span increases to about 7% of the blade mass, but now half the number of
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Figure 4-7: Minimum added mass per span for different flap spans. Note: mass
estimates account only for stacks, pushrod, middle plate and reaction rib components.
actuator units are required to drive the same span of flap. In addition, it is apparent
that actuators with x/c smaller than 0.25 are not desirable for this particular case.
4.3.2 Design with Commercial Li-Ion Batteries
For the actuator prototype, we based our design on the actuating properties of a
commercial lithium-ion battery manufactured by Kokam with 150 mAh capacity.
The available energy in this case corresponded to one twentieth of the value used in
the previous design, since these cells have a free strain of ef = 1% and a modulus of
200 MPa. Thus, for the constraints considered, it was not possible to find a feasible
design. Since, for displaying purposes, the constraint x/B > 1 was important to
satisfy, in order to obtain a feasible design we relaxed the flap stiffness constraint,
and we designed the flap to deflect by the required amount without considering the
aerodynamic loads.
Another limitation on the design consisted on the cells shape being predetermined
by the manufacturer. To deal with this limitation, we left the stack height H as a
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free variable in our model, and added a constraint to the ratio H/B. Then, once
a suitable value of H was obtained, the model was scaled to make it correspond to
the actual cell dimensions. Furthermore, to avoid having an overly big and expensive
prototype, the scaling factor was limited to 1.75. The additional constraints added
to the model are summarized in Table 4.3.
Table 4.3: Additional Constraints for Prototype Design Problem
Description of Constraint Equation
Battery Shape Factor H/B = 0.58
Maximum Scaling of Prototype H/Hmax < 1.75
The results of the optimization are shown in Table 4.4. The flap is expected
to have a free deflection of 10.40, although under the aerodynamic loads the pre-
dicted deflection is actually 7.8*. The stiffness of the flap per span was found to be
76 N-m/m/rad while, upon scaling the actuator by 1.75 (the stiffness scales by the
square of this factor), we get a value of 233 N-m/m/rad. Considering only the stacks,
pushrods, middle plate and reaction ribs, the added mass per span of the design
is 39%.
Table 4.4: Performance Estimates of the Blade Actuator Prototype, using Commercial
Batteries
Property Value
Free Deflection (deg) 10.4
Deflection under Aerodynamic loads (deg) 7.8
Stiffness per Span (N-m/m/rad) 76
Scaling Factor 1.75
Scaled Model Stiffness per span (N-m/m/rad) 233
Mechanical Efficiency (%) 24
Added mass per span (%) 39
During the optimization of both designs, an estimate of the hinge locations was
made in order to determine the length of the pushrods and reaction ribs. Having
obtained from the model solution the required lever arm s, the next step consisted
on choosing more precisely the location of those hinge points. For this purpose, we
synthesized a series of mechanisms possessing the same lever arm s, and we then
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selected the most adequate. Although it is possible to use mechanical efficiency
criteria for making this selection, it was found that the options were very limited
due to space constraints. In fact, clearance issues in the selection of the hinge point
locations forced us to leave a small offset between flexures 1 and 2. This offset meant
a reduction in the series compliance since, following the procedure described earlier,
when applying a unit displacement at the input under 0 flap deflection, the flexures
would no longer be subjected to purely axial forces as assumed. Later calculations
showed that the reduction in the pushrod stiffness due to this eccentricity was about
10% which, although tolerable, proves that future designs should carefully avoid this
condition. In addition, we were also forced to have a lateral eccentricity between
flexures 2 and 3. This lead to bending moments on the closing member, which were
foreseen during the model derivation and included in the evaluation of the term K,
of Equation 4.5.
4.4 Model Validation using FEA
Having obtained a complete design of the actuator, we then performed a more de-
tailed study to validate its performance, using the commercial finite element package
ADINA [33], which allows for computations involving large displacements and defor-
mations.
The model was constructed using a mixture of structural and 3-D elements, taking
advantage of the symmetry of the problem to analyze only half of the prototype.
Figure 4-8 shows the finite element meshing of the design. Most of the blade was
modeled with 4-node shell elements, while the pushrods were modeled using beam
elements and the stacks used 3-D brick elements with orthotropic symmetry, which
allowed us to simulate the electrochemical expansion by inducing thermal strains
along the actuating direction. The fairing, composed of a foam core and carbon fiber
skin, was not included in the model. The FE model was very efficient (it used fewer
than 900 nodes) and its solution took less than a minute, while good convergence was
found in the computed stresses.
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Figure 4-8: Finite Element Model used for the prototype simulation.
The main objectives of this finite element analysis were to validate our previous
model and to obtain more accurate estimates of the prototype deflection and stiff-
ness. The simulation of the blade consisted of the following steps: (1) preloading
of the stacks up to 2 MPa of compressive stress (which was considered a suitable
preload stress for the lithium ion cells), (2) downward deflection of the flap by dif-
ferential charging and discharging of the stacks, (3) return to original deflection, and
(4) measurement of the flap stiffness by applying a dummy load.
Figure 4-9 shows the flap deflected upon the actuation produced by a 1% stack
strain. The flap deflection obtained was 10.3', which agrees well with the lumped-
paramater model. At this deflection, the maximum flexure stresses are higher than
predicted with the previous model. The discrepancy is partly attributed to the offset
between flexures 2 and 3, which induces lateral bending stresses on flexure 3. Although
this result implies that flexure 3 would yield, a successive simulation, assuming an
elastic/perfectly-plastic material model, showed that the flap almost returned to its
original position upon removal of the stack strain. Because of this fact, and to avoid
delaying the prototype construction, we decided to proceed with the design without
further modifications.
The flap stiffness was determined by simulating a small force at the tip of the flap
and measuring the change in deflection. Assuming that this force induced a torque
at the center of Flexure 3, the flap stiffness was found to be 200 N-m/m/rad, which
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Figure 4-9: Flap deflection and flexure stresses upon full 1% stack actuation.
also agrees well with the scaled stiffness of Table 4.4. Therefore, we can say that the
pseudo-rigid model is adequate enough to predict the flap deflection and stiffness,
although proper safety factors must be used when predicting allowable stresses.
4.5 Prototype Testing
With the FE validation completed, we were ready to construct and test the actuator
prototype, which is shown in Figure 4-10. Its total mass per span without the actuator
components was 6.3 kg/m, which is half the value of the actual Kiowa helicopter blade
at that location [34]. However, it must be realized that no attempt was made to match
the structural properties of the prototype with those of the real blade. Engineering
drawings of the final design and details of the manufacturing steps are included in
Appendix B.
To measure the blade actuator performance, we used the setup shown in Figure 4-
11, where the blade is seen placed upside down, for convenience in applying the
external loads (by hanging deadweights from the flap). To determine the output flap
deflection, we used a laser beam reflected to a wall by a mirror attached to the surface
of the flap.
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Figure 4-10: Picture of the completed blade actuator prototype.
Figure 4-11: Experimental setup to measure the actuator performance.
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Figure 4-12: Flap deflection measurement geometry.
Figure 4-12 shows schematically the geometry of the flap angle measurement.
Neglecting the changes in the distance from the mirror to the wall di, it is seen that
the beam angle # is given by
= arctan 2. (4.22)
The flap deflection 6 produces a change in the beam angle AO, and the two quantities
are related by
6- (4.23)2
The error propagation in this measurement can be obtained by differentiating the
expression for 4, giving that
d1(d 2 ) + d2(6d1 ) (4.24)
where 6di ,6d 2 and 6# represent measurement errors, and should not be confused with
the flap deflection. Since the flap deflection is related to # by taking the difference
of two measurements and dividing by 2, in terms of error propagation these two
operations approximately cancel each other , and we find that the error estimate in
the flap deflection is also given by Equation 4.24 [35]. Using conservative estimates
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for the measurement errors 6diand d2 , the error in the flap deflection was found to
be less than 0.4*, which we considered adequate for our initial benchmarking of the
prototype.
To correlate the flap deflection measurements with the stack displacement, we
placed an LVDT sensor with its tip making contact with a special-made extension of
the middle plate. This allowed us to measure the middle plate displacement with a
resolution of 0.025 mm.
The stacks were charged and discharged using an Agilent Technologies source
(N5767) and load (N3300A), controlled via a LabView interface. Both constant-
current and constant-voltage charging protocols were used in different sets of experi-
ments.
The first test consisted on actuating the flap without any external load, using a
constant-current charging protocol, with a current of 2 A. Two cycles were performed
with different sets of stacks for each case. The average measured flap deflection for a
1% strain on the stacks was 6.50. However, the maximum stack strains were greater
than this value. Using the original stack length as a reference length, Figure 4-13
shows that the maximum value was close to 1.3%, while each charge/discharge cycle
took about 35 min. These higher strains gave peak-to-peak flap deflections of 8.26*.
Figure 4-14 shows superimposed two snapshots of the flap at its full range of motion.
We can see in Figure 4-15 the average measured flap deflection with respect to
the middle plate displacement. The plot is compared to the predicted deflection from
the FE model.
The flap stiffness was obtained by hanging different weights on the flap and mea-
suring its deflection. An attempt was made to get the deflection measurement as
soon as the load had been applied, in order to exclude viscoelastic creep effects from
the measurements. By transforming the loads to a corresponding torque acting at
the center of flexure 3, the average measured stiffness per blade span was found to
be 125 ± 22 N-m/m/rad. Table 4.5 resumes the experimental results and compares
them with the FE Model.
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Figure 4-14: Snapshots of flap at its full range of motion.
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Figure 4-15: Expected and measured flap deflection with respect to Middle Plate
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The next phase of the experiments consisted of obtaining the actuator blocked-
torque versus free displacement curves. These curves were obtained by actuating the
flap under different constant loads and measuring the deflection at different intervals
of time. Since the charging was done using a constant current protocol, each inter-
val of time corresponded approximately to the same state of charge, allowing us to
generate the actuator characteristic curves for different activation states. Figure 4-16
shows the resultant plot, where 5 different intermediate states of charge are shown
as well as the fully charged state (corresponding to approx. 560 mAh). The dashed
line represents the expected linear behavior of the actuator, computed from the free
Table 4.5: Comparison of Test Results and FE Model Predictions
Property Prototype FE Model
Free Deflection for Ef=1% (deg) 6.5 t 0.4 10.3
Stiffness per span (N-m/m/rad) 125 t 22 200
Mechanical Efficiency (%) 5 21
Added mass per span (%) 63* -
*Added mass includes metal shims placed at the ends of the stacks.
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deflection and stiffness measurements of the previous tests. For comparison, the ac-
tuator characteristic predicted by FE model is also shown, and we will discuss some
of the reasons for the discrepancy between the two curves in the following section.
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Figure 4-16: Blade Actuator Characteristic Curves and comparison with
ment Model.
The last test consisted on driving the flap as fast as possible, in order to determine
the maximum bandwidths achievable with current commercial batteries. A constant-
voltage charging regime was used for this purpose, allowing for currents of up to 25 A.
It is important to note that the cells were monitored individually during the test to
ensure that no cell would reach a high state of charge, a very dangerous condition.
With this charging regime, we were able to obtain 0.9% strain in 105 s, although the
cells were only able to endure a couple of cycles. It is clear that the development
of the first generation of electrochemical actuators must focus on improving these
bandwidth and reliability issues.
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4.5.1 Data Analysis
The plot given in Figure 4-16 allows us to estimate the contributions to the actuator
losses from the active material and from the coupling actuator. Starting with the
active material, we see that there are losses present due to nonlinear behavior of
the stacks. As we saw earlier with the Woven Actuator, viscoelastic effects have a
considerable effect on the actuator performance, and we can account for these effects
by removing the creep response from the measured characteristic curves.
Figure 4-17 shows a measurement of the flap-deflection time response for two
different constant loads, with a curve fitted to the average deflection per unit load of
these responses. The fitting curve of Figure 4-17 was then used to adjust the actuator
characteristic curves, which had the effect of increasing the measured deflections for
a given instant of time.
The result of this correction is shown in Figure 4-18, together with the expected
aerodynamic load curve. As expected, the actuator load-deflection curves approach
more closely the linear behavior. However, viscoelastic effects do not appear to ac-
count completely for the nonlinear losses of the stacks, specially at higher stresses.
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This discrepancy could be due to the approximate nature of our creep correction
method or to inaccuracies in the determination of the cells state of charge, but fur-
ther tests are needed to determine if other effects are contributing to these losses.
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Figure 4-18: Blade Actuator Characteristic Curves corrected for Creep using
response from Figure 4-17.
the
. With respect to the actuator losses, we can see that the measured free displacement
was 1.6 times smaller than expected, and the flap was also less stiff by approximately
the same factor. A later measurement showed that the vertical separation between
flexures 2 and 3 (which determines the mechanism lever arm) was 1.2 times greater
than designed. This difference in lever arm means that the measured deflections
should have been smaller than expected, and that the flap should have been stiffer.
Assuming that the prototype had the right lever arm, the extra compliance mea-
sured corresponds to having an additional lumped component in series with the load
path, with a stiffness of 222 N-m/m/rad. It was initially thought that a main source
of this extra compliance was due to the segmenting of the middle plate which, as de-
scribed on Appendix B, was provided in order to facilitate the assembly of the device.
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Figure 4-19: Blade prototype close-up, showing connections of the pushrod to the
middle plate.
However, by considering this segmented-plate design in the calculation of Kmp, it was
found that the effect was not significant.
Since it is unlikely that there were other important sources of compliance in the
design which were not accounted for in the FE model (in fact, the model does not
even consider the stiffness contributions from the foam and skin structure), the most
probable source of loss appears to be the threaded connections. At the beginning of
the chapter, we highlighted that one of the benefits of using compliant mechanisms is
that they behave as continuous structures. However, practical considerations did not
allow us to attain this condition, as we had to provide threaded connections at three
points on the load-path, namely: (1) from the middle plate to an adjusting sleeve,
used to vary the length of the pushrod, (2) from the adjusting sleeve to flexure 1, and
(3) from flexure 2 to the closing member.
During the prototype assembly, the first two connections, shown in Figure 4-19,
were easily accessible for tightening their corresponding nuts, so it is unlikely that ma-
jor backlash or loosening originated at these points. However, as shown in Figure 4-20,
the third connection proved difficult to tighten, as the space for holding the parts was
limited and great care was needed to avoid damaging the flexure. This flexure is con-
sidered the most probable source of additional losses not accounted for in the model,
since a loose connection at this point would severely lower the flap stiffness.
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Figure 4-20: Closing member close-up, showing the connection with the pushrod.
Therefore, the prototype testing has highlighted the importance of carefully de-
signing those connections in the load-path that cannot be avoided by using a continu-
ous structure. This consideration is even more relevant at the actual scales needed for
the blade actuator, since the difficulty of assembling the components at these scales
should increase considerably. In the next chapter we will summarize the valuable
lessons learned from this experience and provide some guidelines for the development
of the next-generation design.
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Chapter 5
Conclusion
This thesis has presented the work done towards the development of a morphing
helicopter blade. Starting from a survey of the state of the art of electrochemical
actuators and a comparison with other active materials, we have covered the modeling,
design, construction and testing of two actuator prototypes.
In this concluding chapter, we will summarize the main results and lessons learned
from this work, and we will provide suggestions for further research.
5.1 Summary of Results
We start by summarizing the state-of-the-art of the electrochemical actuating cells, in
order to stress the fact that the success of the electrochemical morphing blade concept
is tightly dependent on the ultimate properties that these materials are capable of
achieving. These results were obtained from [7] and [10].
Currently, two types of electrochemical actuating-cells have been developed: one
consisting of an array of micro-machined graphite posts, which generated a linear
strain of 6.7% and an estimated blocked stress of 200 MPa, and the other comprising
a laminated actuator with LiCoO 2 and graphite electrodes, which generated a linear
strain of 4.1% and a blocked stress of 20 MPa. In terms of actuating bandwidths, the
devices actuated in periods of 24 and 6.5 hours, respectively.
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Furthermore, tests have been performed on off-the-shelf lithium-ion cells, where
it was shown that even their far from optimal construction generates considerable
mechanical work. Some cells were capable of producing a free strain of 3% and an
approximate blocked stress of 20 MPa. With these commercial cells, bandwidths of
the order of 5 mHz were achieved.
Using commercial lithium-ion cells as demonstrators of the potential of electro-
chemical actuators, two actuator concepts were developed. The first concept, the
woven actuator, consisted of a weave of fibers enclosing actuating units composed of
a cell and a pair of rounded caps that evenly distributed the loads on the cell surface.
A mathematical model of this actuator was developed, taking into account the
compliance of the fibers and assuming a linear-elastic cell behavior. It was found that
the actuator blocked load vs free displacement curve was linear, due to the small vari-
ation in the fiber angle over its range of operation. Furthermore, a parametric study
showed that the actuator output displacement and stiffness is strongly dependent on
the ratio of the actuating unit length to the cell length. By decreasing the difference
between the two lengths, the output displacement is increased, although the total
actuator thickness also increases in order to keep the fibers tangent to the caps.
A working prototype of this actuator concept was constructed and tested to vali-
date the mathematical model. Instead of fibers, steel wires were used in order to facil-
itate the construction process. The test results showed that the viscoelastic behavior
of the cells severly affected the measured output strains, especially when considering
that cell charging took more than 2 h. However, it was found that the creep strain
could be substracted from the measured response in order to estimate the strains
due to electrochemical actuation. After performing this correction for creep, a good
agreement between the expected free strain and the measured strain was found. It
must also be mentioned that it was not possible to determine if the cells were solely
responsible for the observed creep.
Following our experiences with the woven actuator, the next task consisted of
building a proof-of-concept of a morphing helicopter blade. Since this prototype would
still need to use commercial batteries as active elements, and the current available
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geometries made the implementation of the woven actuator impractical, a different
concept was explored.
From energy considerations, it was determined that, in order to adapt the blade
to the different hover and forward flight conditions, the best method would consist
of deflecting its trailing edge, as opposed to varying the blade twist. To study the
system-level benefits of this approach, an aerodynamic model was implemented, based
on blade element momentum theory. It was found that it is possible to design a blade
with a lower than usual built-in-twist to enhance performance in forward flight, while
using the trailing edge deflection to improve the hover figure of merit by about 1%.
To limit the scope of the project, the trailing edge deflection was simply treated as a
discrete flap. It was determined that a linearly-varying deflection scheme with 220 of
flap deflection at the root was sufficient to achieve the required improvement in hover
performance.
The design of the morphing blade actuator involved a consideration of three main
requirements: (1) the flap deflection along the span of the blade, needed to achieve
the desired performance, (2) the flap stiffness per span at each location, to ensure
that the blade would be able to hold its shape under the varying load conditions,
and (3) the added mass at each location of the blade. Based on these requirements,
an actuator concept consisting of a pair of antagonistic stacks was selected for the
prototype design. The stacks reacted on the blade spar, which served as an integral
component of the actuator, and their differential displacement was transmited via
two push-rods to the trailing edge flap. A set of flexures in the load-path acted
as a compliant mechanism for transforming the linear stack displacement into flap
deflection.
Using a lumped-parameter model of the compliant mechanism, the design was
optimized in terms of the required stack volume and the dimensions of the main com-
ponents of the actuator. Two designs results were provided: one with projected free
strain and elastic modulus values for the first-generation of electrochemical actuators,
and the other for the typical mechanical properties of commercial lithium-ion cells.
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The lumped-paramter model was further validated using a finite element soft-
ware package. Good agreement was found between the predicted flap stiffness and
deflection, although the computed flexure stresses were higher in the FE model.
After this validation, a prototype was constructed and tested experimentally. As
with the previous actuator, the viscoelastic behavior of the cells affected the results,
although in this case the batteries used allowed for higher charging rates (charging
took about 16 min). Correcting the test results for creep, it was found that the main
source of discrepancy between the model and the experimental results was due to the
actuator mechanism construction. Although further tests are needed to pinpoint the
exact causes for this discrepancy, it was mainly attributed to the threaded connections
between the push-rods and the other components of the actuator.
5.2 Suggestions for Further Research
The lessons learned from this thesis should help prioritize further research needed in
this area, some of which is already being performed. We conclude by providing a
series of suggestions.
Electrochemical Actuating-Cells
An obvious goal is to achieve the highest energy density possible. Although large
strains are welcomed, in some cases it might be desirable to trade part of it for
increased stiffness, as some structures are not capable of withstanding very large
strains anyway. Additionaly, other areas that require work are:
9 Bandwidth. The tests performed with commercial batteries showed some promis-
ing results regarding cell charging rates, but these rates have yet to be achieved
reliably (in particular, at high rates, heating effects become an important issue
to consider). Although the morphing blade concept is not the only applica-
tion where electrochemical actuators could be useful, in order to implement the
morphing concept described in this thesis, the active cells should be capable of
achieving cycle times of 5 to 10 s.
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* Cell Construction. The cell construction materials must be properly selected
to eliminate viscoelastic effects. Commercial batteries were difficult to test and
integrate into the prototypes due to this behavior, and it should clearly be
avoided in any engineering application of this technology. In addition, when
considering the construction of the cells, it must be realized that their final
geometry influences greatly the type of actuators that can be designed for the
morphing blade.
" Reliability. The helicopter rotor is a harsh environment and many reliabil-
ity tests must be performed to ensure that the actuating-cells are capable of
withstanding the g-loads, high vibration, and varying temperatures they will
encounter.
" Further testing. Once an improved actuating cell is developed, further tests
are needed to determine the linearity and load bearing capabilities of the de-
vice. In order to facilitate the actuator design, it would be desirable to obtain
characteristic curves similar to those shown in Figure 4-16 for the complete
actuator.
Morphing Blade
" Aerodynamic Modeling. The morphing blade concept presented in this thesis
could be a practical way to improve helicopter performance using a slow ac-
tuator. However, more sophisticated models as well as wind-tunnel tests are
needed to evaluate the concept thoroughly. An aerodynamic model of the for-
ward flight condition is necessary to estimate the reduction in vibratory loads
and efficiency, although this problem constitutes a formidable challenge in itself.
" Improved woven actuator Prototype. If an actuating cell of suitable dimensions
is developed, a new woven actuator prototype with a closer behavior to the
intended active weave concept should be constructed. This actuator could be
formed with carbon fibers instead of steel wires, and a proper way of fastening
the ends needs to be devised.
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" Morphing Blade Concept. The trailing edge deflection scheme presented in this
thesis constitutes a viable alternative for further exploration, but it would be
unwise to discard other concepts at this stage. When the first-generation of
actuating cells is ready, a new concept selection should be performed in light of
the characteristics of these cells. If the concept presented here still appears to
be the best choice, many of the issues mentioned in Chapter 3 still need to be
addressed, including: determining the optimal amount of blade built-in twist,
exploring other flap deflection schemes besides linear variation, considering the
elastic energy required to deform the flap (if a continuous flap along the blade
span is used), and assessing the benefits and tradeoffs of using a continuous
morphing profile instead of a discrete flap.
" Morphing Blade Activation. An important component of the morphing blade
consists of the activation equipment needed to drive the cells. To achieve ade-
quate bandwidths, high currents will be required and, although an antagonistic
design could juggle the charge between the opposing stacks, part of the acti-
vation energy must still be externally supplied. Clearly, a bulky and complex
activation equipment would offset the aerodynamic performance improvements.
" Morphing Blade Actuator. Considering the particular blade actuator presented
in this thesis, the next-generation designs will need to address some of these
issues:
- The design of the compliant mechanism should be improved to avoid ma-
terial failure and reduce elastic energy losses. Other materials should be
considered as well.
- As seen from the test results of Chapter 4, the element interconnections
can be an important source of actuation energy losses and also complicate
the assembly. They should be avoided as much as possible.
- The effect of the spar properties on the actuator must be included in the
design. As mentioned before, by reacting the stack loads on the spar,
116
the blade structural and aerodynamic properties become coupled to the
actuator design.
- Ease of assembly and accesibility are important factors for the success of
the actuator. Our experience with the prototype construction painfully
showed that much work still remains to be done in this area.
- Only a short section of the blade has been designed and prototyped in this
thesis. Many new issues will arise when dealing with a complete blade,
such as determining the optimal number and location of the actuator units,
new assembly constraints, and increased construction difficulties. It is our
belief that once the actuating-cells are ready, a complete scaled morphing
blade prototype should be the next important goal of the project. This
prototype would allow to perform tests on a hover stand and wind tunnel
to validate the design.
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Appendix A
Aerodynamic-Model MATLAB Code
In this appendix we include the MATLAB code used to study the blade performance.
The code is separated into several functions, and the comments (lines starting with %)
should provide the reader with a general idea of the purpose of each of these functions.
Notice that, as described in Chapter 3, a central component of the code consists of the
airfoil solver package XFOIL, which should be stored in the parent folder where the
MATLAB functions are saved. A text file with the desired airfoil coordinates must
be also included along the MATLAB functions; the one used for our simulations is
also included in this appendix. One further point to notice about the code is that
a variable is provided to select the platform used for running it (either Windows or
Mac OS).
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Script: varinit.m
\smaller{
%Run this script before any function call to initialize
%all pertinent variables in the MATLAB environment
--------GLOBAL VARIABLES---------------------------------------------------
global r dr solidity lambdab CLb CDb Xb errorb CPnorm CTreq N
global xfoil ro mu Omega H2T sound-speed c tolerance_2 computer timelimit
global machlimit Nb tiploss uphinge NORMS a4o A4 tolerance_0 maxit stop
global database rjlow quadrature format long
%*USER DEFINED PARAMETERS
%These parameters are global variables that the other functions access
%PARAMETERS in SI Units.
(User-defined have <--)
W= 2381*9.81; %<--Helicopter weight : should be in NEWTONS (not kg)
H2T= 5.334; %<--Hub to tip radius
r-low = 0.762/5.334; %<--nondimensional root cutout(needed)
cutout=rlow*H2T; % Root cut-out R=H2T-cutout;
% Effective blade radius (used for all calculations)
c=0.273; %<--Chord A=pi*(R^2);
X Disk Area
Nb=4; %<--Number of blades per hub
Omega=41.36; %<--Blades hover angular speed (rad/sec)
Vtip=Omega*R; %
Tip velocity
ro=1.2; %<--Air density
mu=1.81e-5; %<--Air viscosity
sound-speed=340; %<--Speed of sound
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solidity=Nb*c*R/A; o blade solidity
X SELECT COMPUTING PLATFORM HERE:
computer = 0; V<---- Set to 0 for MAC, 1 for PC
tiploss = 0; %<--Set to 1 for including tip losses xfoil = 1;
database = f};
uphinge = 1;
XRequired CT and normalizing CP
CTreq=W/(ro*A*(Vtip^2)); %Req. CT based on data
CPnorm = CTreq^(1.5)/(sqrt(2));
%##########################################################################
X********DEFINE TYPE OF INTEGRATION AND NUMBER OF ELEMENTS HERE***********
quadrature=1; %<--Set to 1 if quadrature is desired N= 6 ;
% Number of elements in the effective radius, w/o
% quadrature
if quadrature==0
XFormation of the elements
dr = (1-cutout/H2T) IN;
%The effective blade radius is divided in N
%elements
extremes = (cutout/H2T):dr:1;
%This is an N+1 vector containing the bounds
%of each element
%Definition of the r vector
for i=1:(length(extremes)-1)
r(i) = extremes(i) + dr/2;
%The value of r is at the middle of the element
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end
elseif quadrature==1
switch N
case 5
%quadrature nodes defined in the [-1,1] interval
ti(2) = -sqrt(1/9*(5-2*sqrt(10/7)));
ti(1) = -sqrt(1/9*(5+2*sqrt(10/7)));
ti(3) = 0;
ti(4) = +sqrt(1/9*(5-2*sqrt(10/7)));
ti(5) = +sqrt(1/9*(5+2*sqrt(10/7)));
%quadrature weights defined on the
Wti(2) = 0.3*( (-0.7 + 5*sqrt(0.7)
Wti(1) = 0.3*( ( 0.7 + 5*sqrt(0.7)
Wti(3) = 128/225;
Wti(4) = 0.3*( (-0.7 + 5*sqrt(0.7)
Wti(5) = 0.3*( ( 0.7 + 5*sqrt(0.7)
[-1,1] interval
)/( -2 + 5*sqrt(0.7) ) );
)/( 2 + 5*sqrt(0.7) ) );
)/( -2 + 5*sqrt(0.7) ) );
)/( 2 + 5*sqrt(0.7) ) );
%quadrature nodes and weight defined for [cutout/H2T,1]
r = 1/2 * ( 1 - rlow)*ti + 1/2 * (1 + r-low);
dr = 1/2 * ( 1 - rjlow) * Wti;
case 6 XThis formulae are for [0,1]
ti(1) = 0.0337652428984240;
ti(2) = 0.1693953067668677;
ti(3) = 0.3806904069584015;
ti(4) = 0.6193095930415985;
ti(5) = 0.8306046932331323;
ti(6) = 0.9662347571015760;
Wti(1) = 0.0856622461895852;
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Wti(2) = 0.1803807865240693;
Wti(3) = 0.2339569672863455;
Wti(4) = 0.2339569672863455;
Wti(5) = 0.1803807865240693;
Wti(6) = 0.0856622461895852;
r = r_low + (1 - r-low)*ti;
dr = (1 - r-low)*Wti;
otherwise
disp('Error: that quadrature is not available')
end
end
}
Function: trim.m
function [CT,CPi,CPoColl,varargout] = trim (pitch,x1,x2,x3,ploteo)
%Trims a blade of certain geometry:
% [CTCPi,CPo,Coll,varargout] = trim (pitch,x1,x2,x3,ploteo)
X INPUTS DESCRIPTION:
% pitch is a vector of length N with the local airfoil pitch in rad.
% x1, x2, x3 are vectors of length N where:
% x1 -> location of the flap LE hinge point (fraction of chord)
% x2 -> local flap deflection (rad, + downwards)
% x3 -> location of the flap TE hinge point (fraction of chord)
% A curve is fitted from x1 to x3 to generate the continuous-morphing airfoil
% shape. The case xl+x3=1 corresponds to a discrete flap.
% The variable ploteo can be set to 1 to generate a plot with the results.
% OUTPUTS DESCRIPTION:
% The function returns the thrust coefficient, the induced and profile power
% coefficients, the rotor collective and as optional argument the local inflow
% vector.
% Modifications
% 23 Sept 05 Modified plot function to show uphinge
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--------GLOBAL VARIABLES---------------------------------------------------
global r dr solidity lambdab CLb CDb Xb errorb CPnorm CTreq N
global xfoil ro mu Omega H2T sound-speed c tolerance_2 computer timelimit
global machlimit Nb tiploss uphinge NORMS a4o A4 tolerance_0 maxit stop
global rjlow quadrature
%##########################################################################
%DEFINE TYPE OF PROBLEM HERE
%Run first with a low tolerance to get a good collective estimate
%CT relative error
tolerance0= 0.25e-2
%inflow absolute er
tolerance_2= 0.25e-2
maxit = 1;
stop = 1;
timelimit = 10;
machlimit = 0.7;
;r
or
%WARNING -> READ THESE NOTES:
%Tolerance for FM calc (CT matching) THIS IS A
%RELATIVE ERROR
~; %Tolerance for the inflow. This is also a RELATIVE
%error
%Enter the max number of iterations for the inflow,
%set to 1 for using the approx. linear equation
%with close values of CLalfa and CLo, but error
%may be high (10%). If stop=1, the call to
%inflowjXF is overridden
%<--For xfoil, in seconds
%<--For xf oil, CL and CD
%##########################################################################
tic
%##########################################################################
%SOLUTION ROUTINE STARTS HERE
error-thrust = 2*tolerance_0; Xlnitialization of error thrust
tetalow = %; These are used in the Newton method for finding the
tetahigh = %; required collective
while error-thrust > tolerance_0
%Compute the inflow with the current pitch
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for i = 1:N
if computer == 0
inflow(i) = spline-inflow(pitch(i),xl(i),x2(i),x3(i),r(i));
elseif computer == 1
inflow(i) = spline-inflowPC(pitch(i),xl(i),x2(i),x3(i),r(i));
end
alfa(i) = pitch(i) - inflow(i)/r(i);
[CL(i),CD(i),errorflag1(i)] = smartCLCD(xl(i),x2(i),x3(i),r(i),alfa(i));
%Note that dCT and dP are actually dCT/dr and dP/dr
dCT(i) = dthrust(inflow(i),r(i));
[dPi(i), dPo(i)] = dpowercoeff(inflow(i),CD(i),r(i));
end
%since dCT is actually dCT/dr, the integration equations shown
%below are correct! Also, they will work regardless of dr being
%a vector (for the quadrature case) or a scalar
CT = sum(dCT.*dr);
CP = sum((dPi + dPo).*dr);
%Compute the error
errorthrust =abs(CT - CTreq)/CTreq;
fprintf('Current error thrust %f\n',(CT-CTreq)/CTreq)
%Change of collective
if error-thrust > tolerance_0
ACpitch = pitch - mean(pitch);
DCpitch = mean(pitch);
%Note that this assumes that DCpitch>0
p = error-thrust;
if CT > CTreq
tetahigh = DCpitch;
if isempty(tetalow)
DCpitch = DCpitch*(1-p);
else
DCpitch = (tetahigh+tetalow)/2;
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end
elseif CT < CTreq
tetalow = DCpitch;
if isempty(tetahigh)
DCpitch = DCpitch*(1+p);
else
DCpitch = (tetahigh+tetalow)/2;
end
end
pitch = DCpitch + ACpitch;
end
end
%Get the FM
FM = (CT^1.5)/(sqrt(2)*CP);
%Find if there were any errors
where-errors = find(errorflagV~=O);
t##########################################################################
X############## ########ggete########################### ## #########
%Outputs assignments
CT = sum(dCT.*dr);
CPi = sum((dPi).*dr);
CPo = sum((dPo).*dr);
Coll = mean(pitch);
if ~isempty(nargout)
varargout{1} = inflow;
end
%###########################
7.LDL####################################################################
%RESULTS DISPLAY
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vanavnsnan unnanmnemanaannAfta
if ploteo ~=O
%Results display
fprintf(C'\n**************************************************');
fprintf(...
'\nSUMMARY OF CALCULATION\nXFOIL? %d\nTolerances:\nInflow (relative)
%f\nCT (relative) %f\n'...
,xfoil,tolerance_2,toleranceO);
if quadrature==1
fprintf('Quadrature used with %d elements\n',length(dr));
else
fprintf ('No quadrature; total elements: %d\n',N)
end
if tiploss == 1
fprintf('Tip losses considered\n');
else
fprintf('Tip losses NOT considered\n');
end
%if flag-type2 == 1
fprintf('Theta-tip was adjusted\n');
%else
% fprintf('Collective was adjusted\n');
%end
if uphinge == 1
fprintf('Hinge placed at the top whenever xl+x3=1\n');
else
fprintf('Hinge placed at chordline whenever xl+x3=1\n');
end
toc
fprintf('\n CALCULATION RESULTS\n');
fprintf('FM: %f\nCollective: %2.3f [deg]\n', FM, mean(pitch)*180/pi);
fprintf('CTreq: %0.12f\nCT: %0.12f\n', CTreq, CT);
fprintf('Total CP: %0.9f\n',CP);
fprintf('Error Codes at each r:\nl -> Max iterations in the inflow\n');
fprintf('3 -> Lift was not computed with XFOIL\n');
fprintf('5 -> Drag was not computed with XFOIL\n');
fprintf('10-> Alfa out of bounds\n');
fprintf('or.their sum for combinations');
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[r(where-errors); errorflag(where-errors)]
fprintf(C'**************************************************\n');
figure(i)
clf
subplot(3,1,1)
plot(r,pitch*180/pi,'o-');
title('Blade Pitch')
ylabel('[Degrees]')
grid on
axis([0 1 -25 25]);
subplot(3,1,2)
plot(r,inflow,'o-');
title('Inflow Ratio');
grid on
axis([0 1 0 0.14]);
subplot(3,1,3)
bar([sum(dPi.*dr);sum(dPo.*dr);sum(dPi.*dr + dPo.*dr)]);
colormap summer
grid on
title('Total Power coefficients for the blade');
String = ['FIGURE OF MERIT FOR THIS BLADE \rightarrow ',num2str(FM,'%0.4f')];
set(gca,'XTickLabel',{'Induced CP','Profile CP','Total CP'});
axis([0.5 3.5 0 14e-4]);
title (String);
if N<=15
figure(2)
clf
subplot(2,1,1)
XThese variables will be useful for the next 2 plots
ff=6;
xbar = 1:N;
bar(xbar, [dPi.*dr;dPo.*dr; (dPi+dPo) .*dr]')
title('Power coefficients by sections')
xlabel('Blade Element number')
axis([0.5*N/ff N^2/ff + 0.5*N/ff 0 6.0e-4])
grid on
colormap summer
Stringl='Induced CP increment';
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String2='Profile CP increment';
String3='Total CP increment';
legend(Stringl,String2,String3,2);
figure(2)
subplot(2,1,2)
hold on
[xorig,yorig] = textread('orig-airfoil.dat', '%f f',-1);
for i=1:N
[xdef,ydef]=shape-coords(xl(i),x2(i),x3(i),0,1); XSome data used in the plot
alfad = pitch(i) - inflow(i)/r(i);
V = Omega*r(i)*H2T;
RE = ro*V*c/mu;
M = V/sound-speed;
figure(2)
subplot(2,1,2)
plot(yorig + i/ff ,xorig,'r')
plot(ydef + i/ff, xdef)
%These lines create the text box
data{1,1}=['AOA = ',num2str(alfad*180/pi,'.O.lf'),' deg'];
data{2,1}=['RE = ',num2str(RE,'%1.2e') ];
data{3,1}=['M = ',num2str(M,'Y0.2f') ];
data{4,1}=[ num2str(x1(i),'X0.2f'),'I',...
num2str(x2(i)*180/pi, '0.2f'),'/',num2str(x3(i),*X0.2f')];
textbox = char(data); %This should create a padded string matrix
if isequal(computer,'Mac')
text(i/ff, 0.675, textbox , 'BackgroundColor',[0.7 0.9 0.7]);
else
text(i/ff,0.675,textbox,'FontSize',8)
end
tickslabel{i} = num2str(r(i),'X0.2f));
end
title('Local blade properties')
axis([0.5/ff N/ff+0.5/ff 0.6 1]);
xlabel('Location of each element');
ticks=(1:N)/ff;
set(gca,'xTick',ticks,'XTickLabel',tickslabel);
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end
end
%1##########################################################################
Function: splineinflow.m
function lambda = spline.inflow(teta,x1,x2,x3,r)
% The function spline-inflow computes the local inflow by solving directly
% with the function smartCLCD. Since smartCLCD uses a spline to compute the
% lift and drag coeffs, the convergence is fast.
% lambda = spline-inflow(teta,x1,x2,x3,r)
% Modifications
% Aug 29 Added tiploss effect
global solidity tolerance_2 ro mu Omega H2T soundspeed c tiploss Nb
global maxit stop database CTreq
%Ideal lambda computation
yo = 0.4;
%yo = sqrt(CTreq/2);
%Note that an estimate of CLalfa had to be made for this calculation,
Y.based on the ideal inflow
%The tolerance given is relative, but fzero uses an absolute tolerance
%the initial value is used to convert between the two.
Xlnitial value
tolerance = tolerance_2 * yo;
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%Now solve for the inflow y
options=optimset('TolFun',tolerance);
y = fzero(@FUN,[0.0001,yo],options); This is the interval where y
%should be
lambda = y;
%####################################################################
XInternal function used to solve for the inflow
function CL = CL(alfa)
[CLxx] = smartCLCD(xl,x2,x3,ralfa);
end
function FUN = FUN(y)
if tiploss~=1
F = 1;
else
f = (Nb/2)*(1-r)/y;
F = (2/pi)*acos(exp(-f));
end
FUN = 0.5*solidity*CL(teta - y/r )*r^2 - 4*F*(y^2)*r;
end
end %this is the end of the spline-inflow function
Function: smartCLCD.m
function [CL,CD,varargout] = smartCLCD(xl,x2,x3,r,alfa)
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% smartCLCD uses XFOIL more efficiently. It generates a database for the
% given vector [xl,x2,x3,r] which is continually updated with new info.
X When a call is made to the function, if the vector is within the
X sensitivity (defined in the script), then the result is interpolated from
X previous data. Otherwise, a new set of data is generated and stored, and
% the result comes from the new data interpolation.
% [CL,CD,varargout] = smartCLCD(xl,x2,x3,r,alfa)
X Error code is 10 for an alfa out of bounds. Spline Extrapolation is not
% used to avoid negative coefficients.
% Created Aug 24 2005
% Modified
% Aug 25 The function adjusts the limits alfaup & alfalo to what
% it was able to compute from XFoil
X
X Aug 26 Added correction if Xfoil fails
global ro mu Omega H2T c sound-speed uphinge computer database
X-------------PARAMETERS---------------------------------------------------
alfaup = 6;
alfa2 = 3; %IN DEGREES!H!!!
alfal = 2;
alfalo = 0.0; %Note that for extrapolation the limits where xfoil
alfares = 0.5; %converged are the ones used
%-------------PROGRAM BODY-------------------------------------------------
%Transform alfa to degrees
alfad = alfa*180/pi;
%Local numbers
V = Omega*r*H2T; %Local velocity
RE = ro*V*c / mu; %Local Reynolds number
M = V/sound-speed; %Local Sound Speed
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%Check to see if the case xl,x2,x3,RE,M is in the database
% ..........................................................................
[rows,coluimns] = size(database);
found = 0; %This flag says if a match was found
for i=1:rows
diff= abs([xl x2 x3 r]-database{i,1}); %Compute the diff between local
%shape & shape at current row
%These are the sensitivities for CL and CD and a
%has enough points
if sum(diff < [0.001 .0001 .001 .001]) == 4
if length(database{i,2}(:,2)) > 5
alfav = database{i,2}(:,1);
CLv = database{i,2}(:,2);
CDv = database{i,2}(:,3);
found = 1;
break
end
end
end
%If not in the database, compute new case
check to see if it
if found -= 1
%This updates the airfoil file with the local geometry
[a,b] = shape-coords(x1,x2,x3,0,uphinge);
-------------Calling Xfoil----------------
%Generate input file for XFOIL
fid1=fopen('XFOILINPUT',2w');
fprintf(fid1,...
['LOAD work-airfoil.dat\n\n\nOPER\nITER\n70\nVISC %d\nM %d\nPACC\nXFOILOUTPUT\nDUMP\n.
'ASEQ\n%d\nd\nd\n',...
'INIT\nASEQ\n%d\nd\n%d\n',...
'INIT\nASEQ\n%d\nd\nd\n\nQUIT\n' ,...
RE,Malfalo,alfal,alfares,alfal+alfares,alfa2,alfares,alfa2+alfares,alfaup,alfares);
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fclose(fidl);
%This creates blank files for downloading data. If the files contained
%any old data, Xfoil would get confused. By making this, the headers
%of the file are also avoided (don't know why) and the first line starts
%with data
fid2=fopen('XFOILOUTPUT','w');
fid3=fopen('DUMP',)w');
fclose(fid2);
fclose(fid3);
%Call XFOIL and generate output file
switch computer
case 0 %MAC XNote that xfoil must be in the parent folder
I../xfoil <XFOILINPUT >DUMP2
case 1 %PC
!xfoilP4.exe <XFOILINPUT >DUMP2
end
-------------Reading the data from Xfoil----
fid2=fopen('XFOILOUTPUT','r');
[alfav,CLv,CDv] = textread('XFOILOUTPUT','%f %f %f %*[^\n]',-1);
%Close the file
fclose(fid2);
-------------Save new data in database------
%remember that rows is the current no of rows on the database cell
if isempty(database)
current-row = 1;
else
current-row = rows + 1;
end
database{currentrow,1}=[x1 x2 x3 r];
database{current-row,2}=[[alfav] ,[CLvJ,[CDv]];
S-----------------------------------------------------------------
end %This is the end from the if found~=1
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-------------Interpolating the Data---------
CL = spline(alfav,CLv,alfad);
CD = spline(alfav,CDv,alfad);
if alfad > alfaup I alfad < alfalo
varargout{1} = 10;
else
varargout{1} = 0;
end
-----------Correction if alfalimit exceeded-----
XIn this case the coeffs are proyected along a line that starts at 0 and
%goes to the limit point
%this is better than having a spline extrapolation, to avoid CL, CD <0 for
%positive alfas
%These are the limits of the table, which might differ from those given
alfaup = max(alfav);
alfalo = min(alfav);
if alfad > alfaup
CLup = spline(alfav,CLv,alfaup);
CDup = spline(alfav,CDv,alfaup);
CL = ( (alfad-alfaup)/alfaup )*CLup + CLup;
CD = ( (alfad-alfaup)/alfaup )*CDup + CDup;
elseif alfad < alfalo
if alfalo == 0
alfalo = alfares; %If lower limit is 0, then use the next point
end
CLlo = spline(alfav,CLv,alfalo);
CDlo = spline(alfav,CDv,alfalo);
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CL = (-(alfalo-alfad)/alfalo )*CLlo + CLlo;
CD = ( (alfalo-alfad)/alfalo )*CDlo + CDlo; %Note that CD is always >0
end
Function: shape_coords.m
function [XI1,XI2]=shapecoords(xl,x2,x3,plotea,varargin)
% This function computes the coordinates of a deformed blade. It reads a
% file with the initial coords and outputs a variable with the new values.
% The variables are defined in the following diagram: xi is the initial
% undeformed length, x2 is the deflection in degrees of the straight part
% and x3 is the length of
% the undeformed trailing edge. x2 is an angle in radians, positive
% downwards.
% The optional argument hinge can be set to 1 if the hinge is to be
% placed at the upper skin. This only works if xl+x3=1. The default is to
% have the hinge placed at the chordline.
% NOTE about the data: coords must start from LE, go to TE and then return
% to the LE in clockwise directions
% [XI1,XI2] = shape.coords(xi,x2,x3,plotea,hinge[opt])
% The output coordinates are also written to the working file
% Set plot to 0 if plotting of shape is not desired
% Created Aug 6 2005 Fernando Tubilla
% Modifications:
% Aug 15 2005 Added upper hinge option
X Aug 21 2005 Removed the abs() on N12, so that the distance a can be
% negative; this allows the shape to be closed at a point
% lower or higher than the chordline
% Aug 22 2005 Corrected lower surface intersection when xi+x3=1
% Sep 08 2005 Changed name of original file containing the airfoil to
% orig.airfoil.dat
% Sep 19 2005 This version uses xfoil to compute the flap coords, and
% changed line at the plotting of XI, to use the new vector
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vector length
SI
to
x1
\) x2
3\
% -
% x
% nui,nu2
% NU1,NU2
X xiixi2
% XII,XI2
original chord coords
original external surface coords
deformed chord coords
deformed external surface coords
global computer
if isempty(computer)
computer = 0;
end
if ~isempty(varargin) & x2~=0 & (xi+x3)==1
hinge = varargin{i}; %If x2 is 0, no need to enter hinge routine
else
hinge = 0;
end
XRead file and get coordinates
[NUI,NU2] = textread(lorigairfoil.dat' , 'Xf %f',-1);
N =length(NUi);
N1 = min(find(NU1==min(NU1))); %This gets the length of the lower skin
nui = NUl;
nu2 = 0*nui;
%Default deformation, using the chordline
%Note that this always runs, and if hinge==1 then the change is made
%afterwards. This is not a very efficient way!
if x2~=0
r = (1 - (xi+x3))/x2;
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else
r = 1e10;
end
s = r*x2;
Al = x1 + r*sin(x2);
A2 = r*cos(x2) -r;
%UPPER SURFACE
for i=Nl+l:N
COMPUTATION
a = (NU2(i));
if nul(i) <= x1 I x2==O %If x2 is 0 coords remain unchanged
xil(i) = nul(i);
xi2(i) = 0;
XIl(i) = NU1(i);
X12(i) = NU2(i);
end
if x1 < nul(i) & nul(i) < x1 + s & x2~=0
tetax = (nul(i) - xl)/r;
xil(i) = r*sin(tetax) + x1;
xi2(i) = r*cos(tetax) - r ;
XI1(i) = xil(i) + a*sin(tetax);
X12(i) = xi2(i) + a*cos(tetax);
end
if nul(i) >= xl+s & x2~=0
xil(i) = (nul(i) - (xl+s) )/sqrt(l + (tan(x2))^2) + Al;
xi2(i) = - (nul(i) - (xl+s) )*tan(x2)/sqrt(l + (tan(x2))^2) + A2;
XIl(i) =
X12(i) =
xil(i) + a*sin(x2);
xi2(i) + a*cos(x2);
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end
end
%LOWER SURFACE
%Note: by doing the two surfaces separately, the distribution of the points
%can be different for each
for i = 1:N1
a = (NU2(i));
if nul(i) <= x1
xil(i) = nul(i);
xi2(i) = 0;
XIl(i) = NUl(i);
XI2(i) = NU2(i);
end
if x1 < nul(i) & nul(i) < x1 + s
tetax = (nul(i) - xl)/r;
xil(i) = r*sin(tetax) + x1;
xi2(i) = r*cos(tetax) - r ;
XII(i) = xil(i) + a*sin(tetax);
X12(i) = xi2(i) + a*cos(tetax);
end
if nul(i) >= xl+s
xil(i) = (nul(i) - (xl+s) )/sqrt(l + (tan(x2))^2) + Al;
xi2(i) = - (nul(i) - (xl+s) )*tan(x2)/sqrt(l + (tan(x2))^2) + A2;
%If the new point lies inside of the stiff fairing, don't use
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%it
tempXI1 = xil(i) + a*sin(x2);
if tempXI1 >= xl+s
XII(i) = xil(i) + a*sin(x2);
X12(i) = xi2(i) + a*cos(x2);
else
%otherwise repeat the last point
XI1(i) = XI1(i-1);
X12(i) = X12(i-1);
end
end
end
%up to here the default computation
%upper hinge computation
if hinge == 1
filestringi =['LOAD origairfoil.dat\n\n',...
'GDES\nFLAP\nd\n999\nl\n*d\nexec\n\n',...
'PSAV\nworkairfoil.dat\n\nQUIT\n'];
fid = fopen('XFOILINPUT','w');
fprintf(fidfilestringl,xl,x2*180/pi);
fclose(fid);
%Call XFOIL and generate output file
switch computer
case 0 %MAC %Note that xfoil
I../xfoil <XFOILINPUT >DUMP2
case 1 %PC
!xfoilP4.exe <XFOILINPUT >DUMP2
must be in the parent folder
end
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XRead new coords for plotting
[XI1,XI2] = textread('work-airfoil.dat','%f Xf',-1);
end
Xup to here the upper hinge computation
%X-------------------------------------------
XPLOTTING
%done by parts again
if plotea=1
figure(i)
clf
hold on
plot(nul(1:N1) ,nu2(1:N1), 'b: ')
plot(xil(l:N1) ,xi2(1:N1), 'r:')
plot(NU1(1:N1) ,NU2(1:N1) ,'b-)
plot (XI1(1:N1) ,XI2(1:N1), 'r-')
plot(nul(N1+1:N) ,nu2(N1+1:N) ,b:')
plot(xil(N1+1:N) ,xi2(N1+1:N) ,r:')
plot(NU1(N1+1:N),NU2(N1+1:N), b-)
plot(XI1(Nl+1:length(XIl) ),X12(N1+1:length(XI1) ),'r-')
axis([0 1 -0.5 0.5])
titulo=['xl->' ,num2str(xl),' x2->' ,num2str(x2*180/pi),...
I deg x3->',num2str(x3)];
if hinge ==1
titulo = [titulo, 'Upper skin hinge'];
end
title (titulo);
end
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%WRITE TO WORKING FILE
fid = fopen('work-airfoil.dat','w');
for i=1:length(XI1)
fprintf(fid,'%f %f\n',XI1(i),XI2(i));
end
fclose(fid);
Function: dthrust.m
function dCT = dthrust(lambda,r)
%Computes the thrust coefficient gradient based on the inflow vector and
%the current r. That is, dCT/dr = 4*F*lambda^2*r
% dCT/dr = dthrust(lambda,r)
% Created June 2005 Fernando Tubilla
% Modifications
% Aug 15 Added the tip loss correction
global tiploss Nb
if tiploss == 1
f = (Nb/2)*(1-r)/lambda;
F = (2/pi)*acos(exp(-f));
else
F = 1;
end
dCT=4*F*((lambda^2)*r);
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Function: dpowercoeff.m
function [dCPi,dCPo]=dpowercoeff(lambda,CD,r)
% Computes the power coefficients gradients (induced and profile), based
% on the local inflow, the local CD and the local r. That is dCP/dr
% [dCPi/dr,dCPo/dr] = dpowercoeff(lambda,CD,r)
% Created 3 August 2005 Fernando Tubilla
% Modifications
global solidity
dCPi = lambda * dthrust(lambda,r);
dCPo = (solidity/2)*(CD*r^3);
VR-7 airfoil coordinates file: orig airfoil.dat
The original coordinates were obtained from [361. Their order was changed to be able
to load them on XFOIL, which was then used to increase the density of points near
the leading and trailing edges.
0.995811
0.988237
0.973936
0.957192
0.939822
0.923645
0.910386
0.900611
0.893576
0.887095
0.880603
0.874110
0.867616
0.861122
0.854628
-0.000213
-0.000599
-0.001331
-0.002188
-0.003075
-0.003896
-0.004570
-0.005071
-0.005432
-0.005766
-0.006099
-0.006432
-0.006765
-0.007096
-0.007426
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0.849814
0.845000
0.840074
0.835147
0.828653
0.822158
0.815664
0.809170
0.802676
0.796183
0.789691
0.783199
0.776707
0.770214
0.763720
0.757223
0.750724
0.744224
0.737723
0.731226
0.724735
0.718253
0.711780
0.705313
0.698847
0.692370
0.685872
0.679340
0.672772
0.666177
0.659579
0.653014
0.646526
0.640158
0.633913
0.627760
0.621638
0.615455
0.609070
0.602253
0.594632
0.585546
0.573613
0.557029
0.539413
0.521456
0.503944
-0.007669
-0.007910
-0.008167
-0.008423
-0.008757
-0.009088
-0.009416
-0.009741
-0.010064
-0.010385
-0.010707
-0.011030
-0.011357
-0.011689
-0.012027
-0.012369
-0.012714
-0.013058
-0.013400
-0.013737
-0.014067
-0.014391
-0.014711
-0.015031
-0.015353
-0.015679
-0.016013
-0.016355
-0.016703
-0.017053
-0.017402
-0.017745
-0.018077
-0.018397
-0.018707
-0.019011
-0.019314
-0.019623
-0.019948
-0.020302
-0.020704
-0.021186
-0.021813
-0.022654
-0.023527
-0.024439
-0.025334
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0.486097
0.467933
0.449752
0.431604
0.413437
0.395296
0.377239
0.359209
0.341075
0.322772
0.304336
0.285883
0.267560
0.249390
0.231235
0.212984
0.194817
0.177131
0.159283
0.141254
0.123685
0.106335
0.089660
0.073922
0.059031
0.045319
0.033934
0.025375
0.018964
0.014040
0.010144
0.007016
0.004601
0.002638
0.001098
0.000092
-0.000353
-0.000331
0.000079
0.000830
0.001880
0.003123
0.004379
0.005878
0.008254
0.011658
0.015753
-0.026173
-0.026899
-0.027508
-0.028017
-0.028432
-0.028751
-0.028955
-0.029025
-0.028973
-0.028841
-0.028661
-0.028452
-0.028210
-0.027889
-0.027465
-0.026964
-0.026459
-0.025889
-0.025065
-0.024165
-0.023109
-0.021802
-0.020352
-0.018487
-0.016995
-0.015205
-0.013545
-0.012050
-0.010655
-0.009356
-0.008150
-0.006936
-0.005425
-0.003702
-0.001957
-0.000233
0.001508
0.003322
0.005259
0.007373
0.009721
0.012342
0.015152
0.017898
0.020427
0.023088
0.026412
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0.020862
0.027607
0.036416
0.047316
0.060249
0.074373
0.089255
0.104493
0.120434
0.130214
0.140000
0.155906
0.171872
0.189197
0.205943
0.222739
0.239903
0.257090
0.274299
0.291633
0.308997
0.326325
0.343776
0.361545
0.379487
0.397201
0.414621
0.432051
0.449747
0.467688
0.485603
0.503128
0.520245
0.537760
0.555600
0.572226
0.584345
0.593541
0.601210
0.608034
0.614393
0.620527
0.626581
0.632650
0.638799
0.645063
0.651448
0.030432
0.034773
0.039672
0.044881
0.050350
0.055679
0.060675
0.065189
0.069203
0.071464
0.073700
0.076769
0.079499
0.082233
0.084577
0.086473
0.088064
0.089337
0.090291
0.090950
0.091328
0.091419
0.091217
0.090771
0.090163
0.089402
0.088408
0.087134
0.085623
0.083934
0.082083
0.080089
0.077973
0.075655
0.073143
0.070659
0.068763
0.067288
0.066041
0.064923
0.063877
0.062866
0.061866
0.060864
0.059848
0.058814
0.057761
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0.657920
0.664434
0.670954
0.677452
0.683915
0.690343
0.696745
0.703133
0.709517
0.715906
0.722304
0.728711
0.735126
0.741547
0.747970
0.754392
0.760813
0.767231
0.773647
0.780061
0.786475
0.792889
0.799303
0.805717
0.812131
0.818545
0.824959
0.831374
0.837789
0.844205
0.850622
0.857037
0.863452
0.869866
0.876279
0.882693
0.889108
0.895496
0.903091
0.913746
0.927890
0.944460
0.961788
0.978372
0.992517
1.000000
0.056696
0.055625
0.054552
0.053480
0.052411
0.051343
0.050274
0.049204
0.048132
0.047059
0.045986
0.044915
0.043847
0.042783
0.041723
0.040665
0.039609
0.038555
0.037501
0.036446
0.035390
0.034332
0.033273
0.032211
0.031146
0.030079
0.029012
0.027946
0.026885
0.025830
0.024780
0.023723
0.022660
0.021593
0.020522
0.019450
0.018377
0.017310
0.016046
0.014282
0.011954
0.009207
0.006322
0.003579
0.001241
0.000000
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Appendix B
Blade Prototype Construction
B.1 Method
In this section we will describe the construction steps followed to obtain a working
prototype of the scaled morphing blade. Although it is likely that future generations
of the morphing blade will require a very different set of manufacturing and assembly
procedures, the description presented here should serve as an indication of the points
to improve in terms of manufacturability and ease of assembly. Some of the procedures
were based on the construction used in other smart blade prototypes [28, 37].
The main part of the construction process consisted on the manufacturing of the
steel flexures. These were done through wire electro-discharge machining (EDM),
using a Robofil 420cc machine by Charmilles (Charmilles, CH). Figure B-1 shows
schematically the steps followed in the machining of the closing member. We started
with a steel block, onto which a pocket was machined together with the required holes
for the pushrods. Using EDM, a rectangular slot was created from the top to the
bottom surface of the part and then, holding the piece vertically via an aluminum
block tight-fitted to the pocket, the flexure profile was created with EDM. The direc-
tion of the path followed by the wire is also shown in the figure, where we notice that
the wire finishes the flexure cut on its supported side. The path direction is impor-
tant since, if the final cut of the flexure had ended on the opposite side, the flexure
thickness obtained would be nonuniform due to flexing of the increasingly compliant
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part. The finished closing member is shown in Figure B-2. Due to a misalignment
of the block during the last EDM cut, one of the walls of the part became too thin
and broke. Since this wall is bonded to the foam fairing, it was determined that the
fracture would not affect the prototype performance.
Flexures 1 and 2, which go at each of the pushrod ends, were machined also using
EDM, starting with a piece of rod turned to the required diameter and with one of
its ends tapped. The part was held from its threaded end during the wire cutting.
During the assembly process it was realized that having two flats on the cylindrical
body of the parts would make them easier to hold while tightening the nuts. These
should be made during the machining of the flexure for best results. Figure B-3 shows
the part during the EDM process.
The pushrods were made out of solid carbon fiber rod, manufactured by Drag-
onPlate Composites (DragonPlate Composites, US). The rods were cut and sanded
to the required size and the ends were bonded using epoxy adhesive, by West Systems
(West Systems, US). Figure B-4 shows the completed pushrod asssembly.
To ease the assembly process, an adjusting sleeve was made from a piece of steel
rod, which had an internal thread on one end and an external thread on the other.
The purpose of this sleeve was to allow the adjustment of the length of the pushrod
during assembly, in order to set the initial flap deflection.
The blade spar was also manufactured using EDM, starting from a block of alu-
minum with the pushrod clearance holes previously drilled. In order to generate the
internal cavities, the wire was threaded through pre-drilled holes. Once these cavi-
ties were completed, the outer edge was machined (see Fig. B-5). The spar was then
sanded and polished using a buffing wheel to obtain a smooth finish, since the contour
formed by the EDM process was not continuous, despite having used a high number
of points to define the spar contour.
The fairing consisted of a foam core made of Rohacell 31IG (Northern Fiber Glass
Sales, US) , covered by a carbon fiber veneer skin, also manufactured by DragonPlate
Composites. Using spray adhesive, a foam block of adequate size was formed and
placed between two steel templates, which were profiled using a waterjet machine.
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Figure B-1: Steps followed in the manufacture of the Closing Member.
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Figure B-2: Finished Closing Member.
Figure B-3: Steel rod during EDM process to produce the pushrod flexures.
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Figure B-4: Pushrod Assembly.
Figure B-5: Finished Spar. EDM process leaves a rough outer surface, which was
later sanded and polished using a buffing wheel.
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Figure B-6: Shaping of fairing foam, using a pair of steel templates and a sanding
flat.
Using a sanding flat, the foam was shaped with the template, as shown in Figure B-6.
Using a drill press, the long clearance holes for the pushrods were drilled through the
shaped foam.
The spar-fariing assembly was created by lap-joining the carbon fiber skin at the
top and bottom of the spar. This joint was made with epoxy and a vacuum bag,
in order to obtain a uniform pressure over the whole veneer surface, creating a good
bond with the foam and spar. The foam was held in place during the epoxy curing
via two aluminum rods, which were threaded on one end to the spar (using one of the
removed blanks from the spar cavity) and on the other end via a special made block
(Figure B-7). The rods acted as a support for the thin side wall of the foam, which
could have collapsed due to the pressure applied via the vacuum bag. In addition, by
tightening the rods to the blocks placed at both ends, a small compressive load was
applied to the foam, which distributes the load more evenly between the relatively
soft foam and the stiff skin. The parts were covered with two layers of mold release
agent and tape, to prevent any accidental bonding to the prototype.
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Figure B-7: Components used for joining the fairing and carbon fiber skin to the
spar.
Figure B-8 shows the assembly curing inside the vacuum bag. Since for our proto-
type the strength of the bonds was not the top priority, we used a hobby hand-pumped
vacuum bag (Roarockit, US).
The completed assembly of the spar, fairing foam and skin components is shown in
Figure B-9. Notice that, due to the aluminum block used during the curing process,
we were able to leave a small section of the skin at the back of the blade protruding
beyond the foam. This allowed us to attach the closing member in a subsequent step.
Together with the closing member, the pair of reaction ribs were also bonded into
place. These ribs were made out of carbon fiber plate, manufactured and machined
to specifications by DragonPlate Inc (Figure B-10).
The preparation of the flap followed similar steps as for the fairing, taking special
care when attaching the top and bottom surfaces of the skin so that they would form
a closed bond at the tip. The completed flap was then bonded to the closing member
using epoxy.
Having the flap already bonded to the closing member flexure, the pushrods had
to be inserted through the sides of the spar. Although this was not a simple operation,
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Figure B-8: Blade Assembly inside vacuum bag, during epoxy curing.
Figure B-9: Completed assembly of spar, fairing and carbon fiber skin; notice the
portruding ends of the skin at the trailing edge, for the closing member attachment.
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Figure B-10: Reaction ribs, manufactured by DragonPlate Inc.
it allowed us to be able to change the stacks in case of failure. However, in order to
provide clearance for the pushrods, the foam holes diameter had to be increased in
size and the middle plate was segmented in 3 sections, as shown in Figure B-11. This
modification of course affected the stiffness of the flap, although it was estimated that
the change in stiffness was small.
With these provisions, the stacks were initially pre-compressed on an Instron test-
ing machine, with the central part of the middle plate placed in between. The mag-
nitude of the initial precompression was close to 2 MPa, although this stress relaxed
with time due to the viscoelastic properties of the stacks. As shown in Figure B-12,
a series of shims were inserted at both ends of the stacks to adjust the total length
to the spar cavity. In addition, the compression was made using two thick aluminum
bars, which were then bolted together to carry the compressive load of the stacks.
This assembly was then placed side by side with the spar cavity and, using a mallet,
forced inside the spar. To facilitate this process, the sliding surfaces were initially
lubricated using WD-40.
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Figure B-11: Middle Plate segmented for ease of blade assembly.
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The stacks insertion procedure was very time-consuming, as great care had to be
taken when pushing the stacks so that they would not get damaged, and so that they
remained properly aligned. For next generation prototypes, however, we expect to be
able to first insert the stacks with little interference and then use part of the stacks
free strain to generate the required pre-stress.
Figure B-12: Stacks precompressed on Instron machine.
both ends of the stacks.
Notice the steel shims at
Once the stacks were in place, the remaining step consisted of inserting the
pushrods through the sides and attaching the other segments of the middle plate.
The tightening of the nuts was done with great care to avoid damaging the flexures,
holding the parts from the machined flats (discussed above) using a pair fine pliers.
For the threaded connections at the flap, which were not easily accessible with the
pliers, the nuts were tightened by gently pushing from one side, using a screwdriver
and a hammer.
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B.2 Engineering Drawings
The following figures show the engineering drawings of the main components of the
actuator. Note that, as described in Chapter 4, the prototype was scaled by a factor
of 1.75 with respect to the actual dimensions of the Bell 427 rotorblades.
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